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Conference retreat 


On 170 acres of gently-rolling southern 
Michigan countryside, 17 miles from Kala- 
mazoo, stands Brook Lodge, Upjohn’s pic- 
turesque conference retreat. Formerly the 
home of the Company’s founder, Dr. W. E. 
Upjohn, the lodge is now maintained solely 
for business functions, including Company- 
sponsored gatherings of medical and re- 
search guests. 


The present lodge buildings provide con- 
ference facilities, a dining hall, and accom- 
modations for 19 people; the immediate 
grounds are well equipped to handle practi- 
cally any recreational demand. Under con- 


The Upjohn Company 
Kalamazoo, Michigan 


MEDICINE . 
DESIGNED FOR HEALTH... 
PRODUCED WITH CARE 


struction are a conference building with 
seats for 125 people, and six modern, com- 
fortable stone-and-redwood guest cottages, 
which will provide an additional 40 single 
rooms. Each cottage will have a central 
lounge-television room and individual room 
air-conditioning. 

Typical of the uses to which the retreat is 
put was a conference on oral antidiabetic 
agents, held last summer and attended by 
clinicians from all parts of the country. 
The quiet, relaxing Brook Lodge atmos- 
phere proved a welcome change for the 
busy investigators. 
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New Year Book of Endocrinology (1956-57 Series)—Ready, June. 


Edited by Gilbert S. Gordan, M.D., University of California. 
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480 pages; 168 illustrations. 
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which directly measures thyroid function 
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lating thyroxine. 

Combining specially designed equip- 
ment, purified reagents and a simplified 
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Equipment includes reagents for over 
200 determinations and special equipment 
to perform up to ten tests daily. Also in- . 
cluded are Manuals describing method and 
interpretation. 

The Hycel System is the result of exten- 
sive research and testing by 
Hormone Chemistry Labo- 
ratory. They offer corrobo- 
fative assays as a service 
to users. 
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THE INFLUENCE OF BODILY HYDRATION ON THE RENAL 
CONCENTRATING PROCESS? 


By FRANKLIN H. EPSTEIN,? CHARLES R. KLEEMAN, anp 
ACHIEL HENDRIKX 


(From the Department of Internal Medicine, Yale University School of Medicine, 
New Haven, Conn.) 


(Submitted for publication December 7, 1956; accepted December 28, 1956) 


Although the ability of the kidneys to produce a 
concentrated urine is widely used in the clinic as 
a measure of renal function, there have been few 
systematic studies of factors affecting maximum 
urinary concentration in normal persons. It is 
clear that a major influence on renal reabsorption 
of water is exerted by the antidiuretic hormone of 
the posterior pituitary (ADH) ; however, Shan- 
non pointed out that, even in the absence of exoge- 
nous or endogenous Pitressin®, dogs with diabetes 
insipidus could elaborate a concentrated urine 
when they were severely dehydrated (1). It has 
been observed repeatedly that injecting large 
amounts of posterior pituitary substance into hy- 
drated normal subjects does not produce as con- 
centrated a urine as does prolonged dehydration 
(2-6). 

The present experiments were designed to ex- 
plore some of the effects of bodily hydration in 
altering the response of normal kidneys to maxi- 
mum doses of ADH. The results indicate that 
chronic underhydration as well as prolonged forc- 
ing of fluids drastically modify the ability of the 
kidneys to reabsorb water and to concentrate sol- 
utes in the urine. 


METHODS 


Normal young men subsisted for three days on a) 
a Dehydration diet containing no water or liquid food, b) 
an Ad lib regimen in which the same food was taken, but 
no restriction was placed on drinking, or c) an Over- 
hydration regimen, which differed from the preceding 
only in that 5 to 6 liters of water were imbibed in divided 
doses throughout the day. Each individual served as his 
own control by participating in at least two experiments 


1 Supported by grants from the U. S. Public Health 
Service, the Wyndham County, New Haven (Conn.) and 
American Heart Associations and a contract (MD-116) 
with the Office of the Surgeon General, Department of the 
Army. 

2Established Investigator of the American Heart 
Association. 


of different types. In some subjects the sequence was 
repeated in exactly the same way, but the protein content 
of the diet was varied. Results of varying the intake of 
protein will be discussed in detail separately (7). On the 
morning of the fourth day the subject reported to the 
laboratory, having abstained from food and fluids for the 
preceding 12 hours. In order to assure a constant and 
maximal antidiuretic stimulus, Pitressin®* was infused 
throughout all experiments at the rate of 200 milliunits 
per hour in 50 cc. of 0.9 per cent saline containing inulin. 
This dose of Pitressin® is approximately four times the 
amount needed to produce a maximally concentrated urine 
in normal human subjects (8). Subjects remained in the 
supine position, standing only to void every half-hour 
or hour. After two to three hours, when urinary osmo- 
lality had reached a plateau, 10 per cent mannitol was in- 
fused intravenously at 20 cc. per min. into some subjects 
without interrupting the administration of Pitressin®. 
After the flow of urine had reached 15 cc. per min. urine 
was collected every ten minutes for 5 to 11 separate 
determinations of Tm‘H,O (9) within a range of urine 
flows between 15 to 30 cc. per min. In any one experi- 
ment, throughout the range of urine flows studied, indi- 
vidual determinations of Ta°H,O did not vary more than 
0.5 cc. per min. from the mean. Venous blood was col- 
lected from the arm at appropriate intervals through an 
indwelling needle. Osmolality of serum and urine was 
determined with a Fiske osmometer. The quantity of 
solute-free water (Tm°H.O) required to restore the urine 
to an isosmotic state with respect to the glomerular fil- 
trate was calculated as the difference between osmolar 
clearance and urine flow. Serum sodium was measured 
with a flame photometer. Clearances of urea (10) and 
inulin (11) were also measured. Data were analyzed 
with “Student’s” “t” test. 


RESULTS 
General 


Throughout the three days of dehydration sub- 
jects experienced moderate thirst, particularly 
marked after eating. Salivary flow, however, was 
not grossly diminished and although the tongue 
and mouth felt dry, they did not look dry. An in- 
crease in fatigue and irritability and loss of mental 


3 Parke, Davis and Co. Lot Number R983M. 
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CONCENTRATING ABILITY 


efficiency were uniformly reported. Daily output 
of urine varied from 350 to 700 cc. Thirst as well 
as fatigue were somewhat ameliorated in two sub- 
jects by 5 mg. of d-amphetamine sulfate twice a 
day, as suggested by Adolph (12). In contrast, 
while drinking 5 to 6 liters of water per day for 
three days, subjects reported less fatigue and no 
malaise, but usually developed an understandable 


HYDRATION AND RENAL CONCENTRATING ABILITY 


TABLE II 
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aversion to water. One subject reported a per- 
ceptible increase in nervousness. The phenomenon 
of continued thirst after cessation of forced drink- 
ing (13) was not encountered. 

During the infusion of hypertonic mannitol sub- 
jects frequently experienced headache when they 
stood up to void, which was completely relieved 
by straining in the Valsalva maneuver or by lying 
down, a sequence suggestive of lowered cerebro- 
spinal fluid pressure. 


Maximum urinary concentration at low flows 
(Table I, Figure 1) 


The solute concentration of the urine and the 
ratio of osmolality of urine to that of plasma 
achieved after maximal stimulation with Pitres- 
sin® were consistently greater in all subjects fol- 
lowing a dehydrating regimen than after a pre- 
liminary period of forcing fluids. Moreover, de- 
hydration raised and overhydration lowered the 
maximum concentration of the urine and maxi- 
mum U/P ratio when compared with values 
achieved by the same subject after three days of 
drinking fluids “ad lib.” During the three days 
of water restriction the osmolality of urine col- 
lected on successive days before breakfast rose 
progressively and was not increased further by 
Pitressin®. The output of total solutes and the ex- 
cretion of urea, measured on the experimental 


Effect on Tm¢H:0, Cin and Cures of forced drinking (FD) and dehydration (D) * 


Extremes of Serum Serum Serum 
Subject and Tm*H:0 Cm 109 Caren urine fi Na osm, urea 

Surface area Regimen _—cc./min. cc./min. ~ Cin cc./min, cc./min. mEq./L. mOsm./K mM/L. 
F. E. FD 4.8 103 4.7 80 78 20-30 141 288 7.3 
1.8 (m.?) D 6.7 107 6.3 82 77 20-30 148 300 11.8 
R.S. FD 4.4 108 4.1 86 79 22-35 155 300 8.6 
1.9 (m.?) D 6.9 100 6.9 79 80 17-23 150 296 6.7 
M. E. FD 4.6 98 4.7 73 75 18-29 151 287 4.4 
1.9 (m.?) D 7.5 95 7.9 79 83 18-25 153 294 8.1 
D. G. FD 4.1 150 2.7 90 60 22-30 146 291 6.0 
2.1 (m.?) D a 135 5.4 92 68 20-27 148 293 8.4 
A. H. FD 2.5 93 vB 75 81 15-33 139 301 a2 
1.7 (m.?) D 5.0 86 5.8 69 80 20-30 156 307 8.4 
Mean FD 4.08 110 3.78 81 75 147 293 6.3 
D 6.68 104 6.46 80 78 151 298 8.7 

P <0.01 0.1-0.2 <0.01 >0.5 >0.5 0.2-0.3 0.2-0.3 <0.01 


* All clearances were measured during mannitol diuresis, within the urine flows indicated. 


cc/min 
Umax 1300 
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morning during infusion of Pitressin®, were not 
altered consistently by preliminary water depri- 
vation or water drinking. 


Tm°H,O, Cin, Cures (Table II, Figure 1) 


The maximum quantity of “free” water reab- 
sorbed per minute by the kidneys during manni- 
tol diuresis (Tn°H,O) (9) was strikingly altered 
in every subject by preliminary regimens of de- 
hydration or overhydration. Mean T,,°H,O fol- 
lowing dehydration in five subjects was 6.7 cc. 
per min., averaging 65 per cent more than in the 
same man following a period of three days during 
which fluids had been forced. The effect of fluid 
deprivation was not eliminated by permitting one 
subject, F. E., to slake his thirst after the infusion 
of Pitressin® had been started but before mannitol 
was injected. 

Inulin clearances measured during an infusion 
of 10 per cent mannitol were usually slightly lower 
in subjects who had been dehydrated than they 
were after a period of overhydration; no differ- 
ence, however, was greater than 10 per cent. Al- 
though the concentration of urea in the serum was 
usually higher after a subject was dehydrated 
than after overhydration, there was no consistent 
difference in urea clearance measured during the 
infusion of hypertonic mannitol nor any significant 
alteration at these high flows in the ratio of urea 
clearance to inulin clearance (average, 0.75). 


Effect of chronic administration of Pitressin® 
(Figure 2) 


A possible mechanism for the augmenting effect 
of prolonged dehydration on the concentrating 
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process might involve the adaptation of renal tu- 
bules to high circulating levels of antidiuretic hor- 
mone liberated by the posterior pituitary in the 
dehydrated state. This possibility was put to the 
test on four occasions in three subjects in whom 
5 units of Pitressin® Tannate in Oil were injected 
intramuscularly twice a day for three days while 
they were permitted to drink water ad lib. In 
this way a high level of antidiuretic hormone was 
maintained in body fluids and the kidneys were 
induced to concentrate maximally despite a normal 
or slightly expanded volume of body water. Un- 
der these circumstances, maximum urinary con- 
centration, tested on the fourth day, did not rise 
above that achieved after a preparatory period of 
drinking at will and did not reach the heights at- 
tained after preliminary dehydration. Figure 2 
is representative of these experiments. 


DISCUSSION 


It seems clear that the ability of normal kidneys 
to concentrate the urine in response to Pitressin® 
may be significantly altered by a preparatory pe- 
riod of dehydration or of forced drinking. This 
effect on concentrating capacity was apparent not 
only at low urine flows, on maximum urinary con- 
centration and U/P ratio, as reported by Jones and 
de Wardener (6) and West, Traeger, and Kap- 
lan (4), but also on the maximum tubular reab- 
sorptive capacity for “free” water, measured dur- 
ing osmotic diuresis. The magnitude of this 
adaptation suggests that it is of considerable physi- 
ological importance. Under conditions of pro- 
longed dehydration, from 25 per cent to 50 per 
cent of urinary water losses could be conserved for 
bodily needs through its operation. 

Several possible causes for this phenomenon are 
excluded or indicated by the present study. It is 
unlikely that differences in the amounts of circu- 
lating endogenous antidiuretic substance on the ex- 
perimental day could have influenced the results, 
since the dose of exogenous Pitressin® injected 
was always well above that required to produce a 
maximally concentrated urine. Berliner and 
Davidson (14) have reported that large reduc- 
tions in glomerular filtration rate produced by 
unilateral compression of the renal artery in dogs 
result in more complete reabsorption of water by 
the kidney whose blood supply is restricted. In 
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the present experiments, alterations in glomerular 
filtration rate in the same subject on different 
regimens were inconstant and minor. Although 
changes in the excretion of total solutes (15, 16) 
and of urea (7) may modify the osmotic ceiling 
of the urine during administration of Pitressin®, 
these factors were not consistently altered by wa- 
ter deprivation or forced drinking in the present 
experiments. 

McCance and Young (17) and Miles, Paton, 
and de Wardener (5) observed that the maximum 
concentration of solutes in the urine increased 
progressively with prolonged water deprivation. 
West, Traeger, and Kaplan (4) and Jones and de 
Wardener (6) noted further that the effect of 
prior fluid deprivation in enhancing renal con- 
centrating ability was not acutely reversed by re- 
hydrating subjects after Pitressin® had been in- 
jected. Both observations, confirmed in the course 
of the present study, suggest that the adaptive re- 
sponse of the renal tubules to changes in bodily 
hydration is a cumulative rather than an instan- 
taneous one, with a certain lag recalling the adap- 
tive behavior of the kidneys with respect to the 
excretion of ammonia, when acid is given over 
several days. 

The improved response of the kidneys after 
several days of water restriction is apparently an 
adjustment to something other than prolonged 
exposure to antidiuretic hormone. Concentrating 
ability was not augmented when the kidneys were 
forced to excrete a concentrated urine continu- 
ously for three days by injections of Pitressin® 
Tannate in Oil. It would appear that the renal 
concentrating process is conditioned by the state 
of hydration of body tissues (including, and per- 
haps most important, the cells of the distal and col- 
lecting tubules themselves). Evidence is lacking 
at the present time to say whether this influence 
is exerted at the site of action of Pitressin® or 
upon a separate concentrating mechanism (9). 

One might predict from the results of these 
studies that severe reversible functional impair- 
ment of water reabsorption, resembling diabetes 
insipidus, would result from prolonged overdrink- 
ing. This may be the explanation of Kunstmann’s 
report (13) of continuing thirst following a period 
of 8 to 12 days of over-drinking. One of us 
(C. K.) has recently observed a patient with psy- 
chogenic polydipsia of 15 years’ duration, unable 
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to concentrate the urine to more than 300 mOsm. 
per K, who gradually regained the ability to con- 
centrate normally in response to Pitressin® after 
several weeks during which a normal intake of 
fluid was imposed. 


SUMMARY 


1. The contrasting effects of water deprivation 
and forced drinking upon renal concentrating abil- 
ity were studied in normal subjects. 

2. Preliminary water deprivation increased and 
forced drinking decreased the maximum urinary 
concentration achieved after Pitressin®. 

3. Tn°H,O was 40 to 100 per cent higher in the 
same subject after dehydration than after over- 
hydration. 

4. Changes in glomerular filtration rate, total 
solute excretion and the excretion of urea were 
small and/or inconsistent. 

5. Chronic administration of Pitressin® Tan- 
nate in Oil did not increase maximum urinary con- 
centration. 

6. It is suggested that the renal concentrating 
process is conditioned to an important degree by 
the state of hydration of body tissues, including 
those of the kidneys. 
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The role of dietary protein in the treatment of 
renal disease remains a controversial one, in part 
because the influence of diets high or low in pro- 
. tein upon normal renal function is not completely 
understood. In the rat much evidence has ac- 
cumulated that high-protein intakes lead to renal 
hypertrophy (1-3) and that low-protein diets may 
be associated with impairment of some renal func- 
tions (4). Pullman, Alving, Dern, and Landowne 
(5) have recently reviewed this subject and dem- 
onstrated that in normal men a high-protein diet 
slightly increases and a low-protein diet slightly 
depresses glomerular filtration rate, renal plasma 
flow and T,PAH. 

The present experiments were undertaken to in- 
vestigate the effects of alterations in dietary pro- 
tein on the ability of normal kidneys to concen- 
trate the urine. Maximum renal concentrating 
capacity was altered strikingly by changing the 
dietary intake of nitrogen, both as protein and (an 
unexpected finding) as preformed urea. 


METHODS 


Normal young men abstained from fluids for 12 
hours prior to coming to the laboratory at 8 a.m. on the 
day of the experiment. In order to assure a constant 
and maximal antidiuretic stimulus throughout all ex- 
periments, Pitressin®* was infused at the rate of 200 
milliunits in 50 cc. of normal saline per hour. Subjects 
remained in the supine position, standing only to void. 
Urine was collected at intervals until its osmolal con- 
centration (freezing point) had reached a constant maxi- 
mum. In some subjects mannitol was then infused, so 
that the maximum ability of renal tubules to reabsorb 
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and American Heart Associations and a contract (MD- 
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water free of solute (Tm°H.O) could be measured in 5 
to 16 separate determinations within a range of urine 
flows from 10 to 35 cc. per min. Freezing points of se- 
rum and urine were determined using the Fiske osmom- 
eter. Clearances of inulin (6), creatinine (7), urea (8), 
sodium and potassium (9) were also determined. The 
“t” test of “Student” was used in analyzing the data. 

Each subject was studied after three days on a Low- 
Protein diet, containing approximately 20 grams of pro- 
tein per day, and a High-Protein diet, containing 150 to 
200 grams of protein per day. The latter was achieved 
by the use of 100 to 200 grams per day of a high-protein, 
low-sodium supplement.5 Both diets were approximately 
isocaloric; in some subjects the low-protein diet consisted 
chiefly of carbohydrate, in others fat predominated. Two 
subjects were studied on a Regular diet, containing about 
90 grams of protein per day. Other variations in dietary 
regimen will be described under Results. 


RESULTS (Table I) 


Effect of low- vs. high-protein diets on renal con- 
centrating ability, inulin clearance and urea 
clearance (Figure 1) 


Maximum urinary solute concentration and 
maximum osmolal U/P ratio were invariably 
higher after three days of a high-protein intake 
than after a diet low or normal with respect to 
protein. The increases in maximum urinary 
osmolality with ingestion of large amounts of pro- 
tein varied from 87 to 332 mOsm. per K. This 
occurred in association with an increased basal 
urinary flow containing from 1.2 to 5 times the 
quantity of solutes excreted on a low-protein diet. 
The maximum capacity of the kidneys to reabsorb 
water free of solute (Tn°H,O) was likewise in- 
creased by 15 to 50 per cent in five subjects by 
feeding protein. 

Inulin clearance was slightly higher in each 
of five subjects on a high-protein regimen than on 
a diet low in protein. At the high urine flows ob- 
tained during mannitol diuresis, the clearance of 


5 Melactin, supplied by E. R. Squibb and Co. 
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EFFECT OF PROTEIN ON 


HIGH PROTEIN DIET 


LOW PROTEIN DIET 


Errect oF DietARY PROTEIN ON RENAL CON- 
CENTRATING ABILITY 


Fic. 1. 


urea averaged 70 per cent of inulin clearance. 
Protein feeding did not change this ratio. 


Failure of sodium chloride to improve renal con- 
centrating ability (Figure 2) 


In contrast to the effects of protein ingestion on 
renal concentrating ability, maximum urinary con- 
centration, maximum U/P ratio and T,,°H,O 
were unchanged or slightly diminished when a 


LOW—PROTEIN DIET 


Fic. 2. Errect or NACL oN RENAL CONCENTRATING 
ABILITY 


RENAL CONCENTRATING ABILITY 


SAME DIET + UREA, 
46 GMS. 0. 


LOW OR REGULAR 
PROTEIN DIET 


Fic. 3. Errect oF UREA ON RENAL CONCENTRATING 
ABILITY 


low-protein diet was supplemented by 20 grams 
of sodium chloride per day (equivalent in osmolar 
terms to the urea from 100 grams of protein) for 
three days prior to the test. An increased excre- 
tory burden of solute supplied as electrolyte did 
not, therefore, produce the same increase in renal 
concentrating capacity as did solute derived from 
protein. 


cc/min 


LOW OR REGULAR PROTEIN DIETIHIGH PROTEIN OR HIGH UREA 
+ OVERHYDRATION FOR 3 DAYS) DIET+OVERHYORATION 
FOR 3 DAYS 


Fic. 4. Errect oF PRoTEIN AND UREA ON RENAL Con- 
CENTRATING ABILITY IN OVERHYDRATED SUBJECTS 
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LOW-PROTEIN DIET 


Fic. 5. 


Errect oF ACUTE vs. CHRONIC UREA LOADING ON MAxIMuUM URINARY 


CONCENTRATION 


Effect of adding urea to the diet (Figure 3) 


When a low-protein diet was supplemented for 
three days, not by 140 grams of extra protein but 
by an equivalent amount of nitrogen in the form 
of 48 grams of urea daily, a marked increase oc- 
curred in maximum urinary concentration, maxi- 
mum U/P ratio and T,,°H,Q. This effect, ob- 
served in six instances, was in all respects in- 
distinguishable from that seen in subjects eating 
a diet high in protein. 
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Effects of protein and urea in overhydrated sub- 
jects (Figure 4) 


It seemed possible that the effects of protein and 
urea might be secondary to some slight or inap- 
parent dehydration consequent to solute diuresis 
and insufficiently compensated for by the subject’s 
sense of thirst. Two subjects (F. E. and C. K.) 
were studied repeatedly on diets low and high in 
protein, with and without supplements of urea, 
taken during a period of three days during which 
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EFFECT OF PROTEIN ON 
5 to 6 liters of water were imbibed daily, an 
amount sufficient to keep the measured concen- 
tration of each specimen of urine voided during 
this time below 150 mOsm. per K. With the pos- 
sibility of dehydration thus eliminated, supple- 
mentary feedings of protein and urea consistently 
increased maximum urinary concentration and 


Tn°H,O. 


Failure of acute loading with urea to increase 
Umar OF Tm°H,O (Figures 5 and 6) 


Four subjects who had eaten a diet low or 
normal in protein for the preceding three days in- 
gested 30 grams of urea acutely while receiving 
an infusion of Pitressin®. A typical experiment is 
shown in Figure 5. The osmolality of the urine 
was essentially unaltered although the excretion 
of urea quadrupled. On the other hand, maximum 
urinary concentration was considerably increased 
in every case after the same subject supplemented 
his diet with urea for three days. T,,°H,O was 
not changed by the acute ingestion of 30 grams 
of urea in two subjects in whom this was tested 
(Figure 6). 

DISCUSSION 


Data in the literature concerning the influence of 
dietary variations on renal concentrating ability 
are scanty and conflicting. Addis and Shevky 
(10) suggested that healthy persons deprived 
of water might excrete urine of subnormal specific 
gravity when their diets contained little salt and 
protein; however, the differences which they ob- 
tained were of questionable statistical significance 
and were not confirmed by Miller, Price, and 
Longley (11) or by Addis and Foster (12), who 
in addition pointed out the fallacy of using specific 
gravity as a measure of osmolar concentration. 
McCance (13) found that maximum urinary 
osmolarity after dehydration was not changed ap- 
preciably by omitting salt from the diet or by in- 
gesting urea on the morning of the experiment. 
Hayman, Shumway, Dumke, and Miller (14) re- 
ported that two dogs when deprived of fluids ex- 
creted urine of lower specific gravity while on a 
cracker-meal diet than when eating a diet com- 
posed largely of meat. 

The effect of protein in producing hypertrophy 
of the kidneys of rats is well known (1-3). When 
the diet of rats is supplemented by nitrogen in the 
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form of urea, renal hypertrophy, less marked than 
with protein feeding, has been reported (2, 15, 16) 


and denied (1, 3). Other urinary solutes, with 
the possible exception of phosphate, do not en- 
hance renal growth (1). Protein feeding greatly 
increases renal blood flow and glomerular filtra- 
tion rate in the dog (17) but in man (5) it pro- 
duces only a slight, though statistically significant, 
rise in the clearances of inulin and PAH and in 
TmPAH. 

The idea that urea might obligate less water in 
the urine than an equimolar quantity of salt, or 
that maximum concentrations of urea could be 
attained in a urine already maximally concentrated 
with respect to salt was suggested by earlier 
workers (18, 19), but Hervey, McCance, and 
Taylor (20, 21) concluded from acute studies in 
healthy persons during hydropenia that at every 
urine flow there was a limiting osmotic pressure 
which did not discriminate between osmols of urea 
and osmols of salt. The present experiments indi- 
cate that in order for urea to raise maximum uri- 
nary osmolarity it must be administered over 
several days. It is therefore unlikely that its ef- 
fect can be explained solely or chiefly by an un- 
usual ability of the renal tubules to concentrate 
urea per se to a greater extent than other solutes. 
If that were the case, prior feeding of protein or 
urea would not increase urinary osmolality meas- 
ured during the determination of T,,°H,O, when 
mannitol and not urea is the chief osmotic con- 
stituent of the urine. Even if the assumption is 
made that urea obligates no water at all, only 
20 to 50 per cent of the increases in T,°H,O ob- 
served in the present experiments after diets high 
in protein or urea could be accounted for by the 
presence of additional urea in the urine under man- 
nitol diuresis. 

The ability of renal tubules to secrete urea into 
the urine has been established for the kidney of 
the aglomerular fish (22), the frog (23, 24) and 
the kangaroo rat (25). It is conceivable that a 


6It should be pointed out, however, that there are no 
published data dealing intensively with the effects of 
urea vs. other solutes on the limiting osmotic pressure 
of the urine in man below a urine flow of about 3 cc. per 
min. Scattered observations suggest that during hydro- 


penia a maximum urinary osmolal concentration may be 
maintained at somewhat higher levels of urine flow and 
solute excretion when urea is utilized as a loading solute 
than when sodium chloride is leaded (13). 
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similar mechanism, stimulated by the necessity to 
excrete large amounts of urea, might operate in 
humans to add urea to tubular urine at or past 
the point where water is abstracted in the final 
concentrating process. Such a process should, 
however, be reflected in a rise in the urea/inulin 
clearance ratio. This did not occur in the present 
experiments in which Cyrea/Cinuiin, Measured dur- 
ing osmotic diuresis, was remarkably constant on 
both high and low-protein diets. Secretion of 
urea by renal tubules is therefore not a likely ex- 
planation for the augmentation of renal concen- 
trating ability which was observed during manni- 
tol diuresis in persons fed protein or urea. These 
data do not rule out the possibility that increased 
tubular secretion of urea might operate at low 
urine flows to increase maximum urinary osmo- 
lality, an effect which might be submerged in the 
flood of proximal tubular urine accompanying 
mannitol diuresis. It is interesting in this con- 
nection that Schmidt-Nielsen observed that man- 
nitol appeared to block tubular excretion of urea 
in the kangaroo rat (25). 


Although the kidneys can apparently be 


“trained” to concentrate more or less efficiently by 
several days of water deprivation or of forced 
drinking (26), the explanation of the influence of 
protein and urea on the concentrating process does 
not lie with any tendency they might have to pro- 


duce dehydration. Dietary supplements of pro- 
tein and urea improved renal concentrating ability 
in continuously overhydrated subjects as well as 
in persons permitted to drink at will. 

It seems clear that physiological variations in 
dietary protein and urea excretion, as well as in 
the state of bodily hydration (26), produce well- 
marked and separable adaptive responses on the 
part of the renal tubules which have an obvious 
utility in terms of the body’s economy of water. 
Such effects upon renal concentrating ability can- 
not be neglected in future considerations of the 
effects of disease or therapy upon this important 
function of the kidneys. 


SUMMARY 


1. Changes in the dietary intake of nitrogen, 
either as protein or urea, over a period of three 
days, in normal subjects produced well-marked 
parallel changes in maximum urinary osmolal con- 
centration and in T,,°H,O. 
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2. Feeding of protein or urea increased the re- 
nal response to Pitressin® in continuously over- 
hydrated subjects as well as in persons permitted 
to drink at will. 

3. Although Umax and T,°H,O were increased 
by chronic administration of urea, they were not 
increased by acute urea loading. 

4. The data suggest that both protein and urea, 
when administered chronically, promote an adap- 
tive response by the renal tubules by which water 
is conserved more efficiently and renal concentrat- 
ing ability is augmented. 
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In previous communications (1, 2) the presence 
of an insulin-binding globulin in the serum of in- 
sulin-treated patients was demonstrated, in vitro, 
by paper and starch electrophoresis and by ultra- 
centrifugal fractionation employing insulin-I'** as 
a tracer. These findings were correlated with a 
slower disappearance of insulin-I*** from the blood 
stream of insulin-treated subjects than of control 
subjects. Insulin-binding globulin could be dem- 
onstrated only in insulin-treated subjects (diabetic 
or non-diabetic) but not in subjects who had never 
received insulin (control subjects). It appeared 
within four and one-half months after institution 
of insulin therapy in a newly treated subject under 
observation. It was concluded therefore that in- 
sulin-binding globulin satisfied the criteria for 
antibody (1, 2). The insulin-antibody complex 
appeared to migrate with the fast moving y globu- 
lins or just in advance of the y globulins on starch 
block and paper electrophoresis (1, 2) and pre- 
liminary experiments with ethanol fractionation 
of the serum suggested further that the antibody 
might reside in the 8 rather than in the y globu- 
lin fraction (2). However, Weiger and Colwell 
(3) and Peters, Burrows, and Lowell (4) have 
since reported that, on paper electrophoresis, in- 
sulin-I?*! migrates with the y globulins in the sera 
of insulin-resistant patients. In view of the re- 
ports of others that insulin-neutralizing activity 
present in the sera of insulin-resistant patients is 
restricted to the y globulin fraction (5-7) and that 
an anti-insulin factor present in the sera of pa- 
tients with diabetic acidosis is associated with the 
a and £ globulins (8), further studies seemed in- 
dicated. 


METHODS 


Nine insulin-treated diabetic patients at the Bronx 
Veterans Administration Hospital served as subjects for 
this study. They had been under insulin therapy for at 
least four months and were in good control. None had 
ever experienced “insulin resistance.” ACD plasma or 
serum obtained at least 24 hours after the last dose of 


insulin from each of these patients was fractionated with 
cold ethanol according to the methods of Lever and as- 
sociates (9) into the following 3 fractions: II, I + III, 
IV—VI. Table I summarizes the distribution of elec- 
trophoretic components in the various fractions according 
to these authors (9). Since fraction VI contains only 
2.2 per cent of the total plasma proteins, further separa- 
tion of fraction IV — VI into fraction IV + V and frac- 
tion VI was not undertaken. In some cases where ACD 
plasma rather than serum was used, fibrinogen was 
partly precipitated from fraction I+ III during pro- 
longed dialysis and was removed subsequently. There 
was never any significant precipitation of insulin-I™. In 
some cases all fractions were concentrated to a volume of 


TABLE I 


Distribution of total protein and electrophoretic components in 
plasma protein fractions (from Lever and associates (9) } 


iv Vi 


% Total plasma 
65.6 2.2 


proteins 22.0 


Fraction II 
10.8 


% of fraction 
Albumin 


Be 
Fibrinogen 


Total 


2 ml. by freeze drying and were then dialyzed against 0.25 
per cent NaCl or 0.067 M phosphate buffer, pH 7.4. 

Insulin-I™ was added in equal amounts to whole serum 
or plasma prior to fractionation and/or to the various frac- 
tions after separation. The mixtures were incubated at 
37° for about 30 minutes and were then subjected to elec- 
trophoresis on paper. In the concentrations employed, 
unbound insulin-I™ is adsorbed to the paper at the site 
of application (“origin”) (10, 1, 2) but insulin-I™ which 
is bound to any of the proteins migrates away from the 
origin along with the binding protein. 

The insulin-I™ employed in this investigation was pre- 
pared from crystalline beef insulin! with a specific ac- 
tivity of 3 to 12 mc. I™ per mg. insulin and contained 
less than 1.0 iodine atom per 36,000 M.W. insulin. The 


1 We are indebted to Dr. O. K. Behrens and Dr. C. W. 
Pettinga of Eli Lilly Co. for a generous supply of crystal- 
line regular insulin lot No. 535664. 
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INSULIN-BINDING ANTIBODY IN PLASMA FRACTIONS 


ETHANOL FRACTIONATION OF SERUM 


PAPER ELECTROPHORESIS OF PROTEIN FRACTIONS SEPARATED BY CoLpD ETHANOL ACCORDING TO METHOD OF 


Lever AND AssociATEs (9) 


method of preparation has been described previously 
(11). In order to protect against radiation damage (2, 
12) at this high specific activity, the insulin was per- 
mitted to remain in contact with the iodinating solution 
for only about 5 minutes or less and was then dialyzed, 
with continuous mixing, for 45 to 60 minutes at 4° C, 
against a large volume (2 liters) of distilled water. 
This usually removed about 90 per cent of the non- 
protein bound I. Serum albumin was then added to a 
final concentration of 50 to 100 mg. per ml. to protect 
against further radiation damage (12) and dialysis was 
continued for another 7 to 18 hours until nonprotein 
bound I was less than 1 per cent of protein bound I™ 
as determined by analysis with paper electrophoresis. 
There was no iodination of the added serum albumin un- 
der these conditions. Since unprotected insulin was ex- 


posed to high concentrations of I™ for less than an 
hour, the radiation damage incurred was minimal and did 
not exceed 3 to 5 per cent in any of the preparations. 


RESULTS 


Although a quantitative analysis was not per- 
formed, the protein fractions generally revealed, 
by inspection, essentially the same gross distri- 
bution of electrophoretic components on paper 
electrophoresis (Fractionation A, Figure 1) as 
anticipated from the quantitative analysis of Lever 
and associates (9). In some runs, however, the 
separations were not as clean, gamma globulin 
appearing in fraction I + III or 8 globulins and 
albumin appearing in fraction II (Fractionation 
B, Figure 1). 

The recovery of antibody in specific fractions, as 
evidenced by binding on paper electrophoresis, 


Two separate fractionations of same serum of subject Wi. 


revealed certain consistencies among the antisera 
studied. With two exceptions (Table II, Fo, 
Fractionation A and Ru) where a slight degree of 
binding was observed in fraction IV—VI, in addi- 
tion to more marked binding in the other fractions, 
antibody in significant amounts was restricted to 
fraction I + III alone or to fraction I + III and 
fraction II. When antibody was present in both 
II and I + III, another fractionation on a sample 
of the same plasma revealed its presence only in 
fraction I + III in several cases (Table II). It 
was also observed that antibody was more likely 
to be recovered in fraction II when separation be- 
tween II and I + III was incomplete, fraction II 
being contaminated with some of the 8 globulins 
(e.g., Subject Wi, Figure 1, Table I). In all 


TABLE Il 


Binding of insulin-I' to proteins in serum fractions 
separaied with cold ethanol 


Protein fraction 


Subject I+III II IV-VI 
Ju + + 0 
Ru 7 + Slight 
Wi fractionation A + 0 0 

fractionation B 0 
Br fractionation A 0 

fractionation B os 0 0 
Fo fractionation A + + Slight 

fractionation B + 0 0 
Su + 0 0 
Co + 0 0 
Gr + 0 0 
La + 0 0 


643 
Wi FRACTIONATION A Wi FRACTIONATION B ie 


644 SOLOMON 


cases, regardless of the fraction in which antibody 
was recovered, the peak of bound insulin-[*** mi- 
grated between the y and 8 globulins (Figure 2) 
or with the slowest moving 8 globulins. This lo- 
calization is well demonstrated in whole plasma 
or serum when the paper strips are scanned with 
a narrow window, employing a short resolving 
time of the circuit, so that the radioactivities are 
almost precisely juxtaposed to the corresponding 
stained proteins (Figure 3). Confirmation was 
readily obtained by section of the paper strips into 
thin segments which were assayed individually in 
a well scintillation counter ; the peak of bound in- 
sulin activity corresponded with the relatively clear 
zone between 8 and y globulins. 

Whether insulin-I*** was added to whole plasma 


ELECTROPHORETIC MIGRATION OF ANTIGEN- 
_ ANTIBODY IN FRACTIONS 


< if 
Fic. 2. PAPER RADIOELECTROPHORETOGRAMS OF FRAC- 
tions II anp I+ III (Suspyect Ju) to Wuicn Insvu- 
Was AbpDED in vitro 
The resolving time of the recording circuit was 10 
seconds so that radioactivities are about \%; of a vertical 
division to the left of the corresponding sites on the 
electrophoresis strips. 
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RADIOELECTROPHORETOGRAM OF PLASMA OF INSULIN 
TREATED SUBJECT (JU)WITH IN VITRO 


AB 
Fic. 3. Paper RADIOELECTROPHORETOGRAM OF PLASMA 
oF Susyect Ju to Wuicu Insutin-I™ Was Appep in 
vitro 
Resolving time of recording circuit short so that ra- 
dioactivity curve corresponds almost precisely to sub- 
jacent sites on the electrophoresis strip. 


or serum prior to fractionation or to the various 
fractions after separation was immaterial to the 
distribution of antibody among the fractions 
( Figure 4). 


DISCUSSION 


The present study indicates that insulin bind- 
ing antibody has an electrophoretic mobility 
greater than that of the main mass of y globu- 
lins. In whole serum or in serum fractions, the 
insulin-I**'-antibody complex migrated in the 
relatively clear zone between y and £8 globulins. 
When plasma was employed, the peak of radio- 
activity generally corresponded to that of fibrino- 
gen. However, the possibility that the uncom- 
plexed insulin-binding antibody has a significantly 
different mobility and that its mobility is altered 
by binding to the insulin molecule must be con- 
sidered. Since unbound insulin-I*** migrates in 
the region of a, globulin when adsorption to the 
paper is prevented (2), it would be expected to 
influence the mobility of antibody after binding in 
the anodal direction if at all. Bound insulin-I*** 
always migrated either just in advance (towards 
the anode) of the stainable portion of fraction II 
or at the cathodal side of the proteins in fraction 
I+ III. This position represents the line of sepa- 
ration between the proteins of the two fractions. 
Since, in the separated fractions, antibody was 
most frequently absent from fraction II, it gen- 
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erally did not have a mobility lower than that of 
the slowest migrating components of fraction I + 
III. Since this is the zone of migration of the anti- 
body-insulin complex, it may be inferred that bind- 
ing of insulin did not affect significantly the elec- 
trophoretic mobility of insulin antibody. This 
observation also suggests that each antibody mole- 
cule may bind only a single insulin molecule or, at 
least, that the antigen-antibody complex does not 
contain a high ratio of insulin to antibody. 

The presence of antibody in fraction II in some 
cases may be attributable to experimental varia- 
tions in critical salt, alcohol and temperature con- 
ditions, since in these instances the fractions were 
not well delineated on electrophoresis and, on re- 
peat fractionation of the same serum, antibody was 
frequently absent from fraction II. In any event, 
the insulin binding globulin migrates electropho- 
retically in the region of relatively low protein 
concentration between the y and £ globulins. 
Differen*’* tion of this region into fastest y globu- 
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lins or slowest 8 globulins would certainly be ar- 
bitrary but the constant presence of antibody in 
fraction I + III rather than in fraction II (where 
it is present only occasionally ) favors its inclusion 
with the 8B globulins. Perhaps the best compro- 
mise is the designation “inter y—-8 region” which 
is, in fact, the most accurate electrophoretic char- 
acterization. 

Wasserman antibody (13) and horse antipneu- 
mococcus antibody (14) are also reported to have 
mobilities between those of the y and 8 globulins. 
It is of further interest that Cann and Loveless 
(15) observed reagin activity of serum in patients 
sensitive to cottonseed or ragweed pollen to be 
most closely correlated with the 8 globulin content 
of serum protein fractions separated by electro- 
phoresis convection, although y, globulin partici- 
pation could not be directly excluded. More re- 
cently, Loveless and Cann (16) have examined, by 
similar methods, the serum of an insulin-resistant 
diabetic patient who exhibited some apparent in- 
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sulin allergy as well, and found that while skin 
sensitizing antibody was associated with the B 
globulins, blocking antibody was contained in 
fractions of lower mobility corresponding to the 
fastest and slowest y globulins or (in another 
specimen of the same subject) to all the y globu- 
lins. Their observations would indicate a definite 
heterogeneity in the electrophoretic characteriza- 
tion of the blocking antibody itself. Furthermore, 
because of its zone of localization, the blocking 
antibody would not appear to be identical with the 
insulin-binding antibody investigated in the pres- 
ent study, although the latter might, a priori, be 
suspected of possessing “blocking” activity. While 
it seems quite possible that a number of different 
antibodies to insulin are formed and that anti- 
bodies reported with different techniques are, in 
fact, different antibodies, it also appears reason- 
able to suggest that even the same antigenic stimu- 
lus may not always invoke the production of anti- 
bodies which have identical chemical compositions 
and electrophoretic mobilities in all subjects. In 
addition the possibility of distinct antibodies to 
pork and beef insulin should not be overlooked. 
In most studies mixtures of pork and beef insulin 
obtained from commercial sources were used in the 
demonstration of antibody. In the present study 
pure beef insulin was employed. A proper ap- 
proach to the problem would appear to be the 
simultaneous testing of various protein fractions 
of the same serum for insulin-neutralizing, insulin- 
binding, insulin-blocking and skin sensitizing anti- 
bodies. The studies of Loveless and Cann (16) 
suggest that at least the last two of these activities 
definitely reside in different fractions. On the 
other hand, experiments reported elsewhere (17) 
indicate that the serum factor associated with the 
apparent inhibition of insulin degradation by liver 
homogenates is identical with the antibody re- 
sponsible for the binding of insulin-I*** which has 
been demonstrated by zone electrophoresis. It 
would also seem possible that insulin-binding 
protein and insulin-neutralizing factors may be 
identical antibodies. However, a recent report 
by Field and Stetten (8) indicates the presence 
of an insulin-neutralizing factor (detected by the 
abolishment of the insulin effect on glycogen ac- 
cumulation by rat diaphragm) in diabetic acidosis 
which is localized to the a and 8 globulin fractions. 
It is clear that considerable work remains to be 
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dene before all these findings can be completely 
integrated. 


SUMMARY AND CONCLUSIONS 


1. The sera of nine insulin-treated subjects 
were fractionated with cold ethanol. The frac- 
tions were tested for the presence of insulin-bind- 
ing antibody employing I*** labeled crystalline beef 
insulin and paper strip electrophoresis. In all 
cases the antibody was present in fraction I + III 
(8 and a globulins). In five cases antibody was 
also present in fraction II (mainly y globulin) but 
in three of these cases refractionation of the same 
serum revealed antibody to be present only in 
fraction I + III. 

2. The zone of migration of the antibody-in- 
sulin complex was in the inter y-8 region. The 
distribution of antibody among the fractions indi- 
cates that complexed and uncomplexed insulin- 
binding antibody have essentially the same mo- 
bility. 

3. There was no difference, qualitatively, in the 
recovery of antibody in specific fractions when in- 
sulin-I’** was added to whole plasma or serum 
before or after fractionation. 
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Addendum 


Since this paper was submitted we have observed anti- 
bodies to pure pork insulin as well as to pure beef in- 
sulin in each of three antisera examined. In addition, 
marked cross reactions were observed. 
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A number of anti-insulin factors present in the 
serum of insulin-resistant subjects has been re- 
ported. Lowell (1) presented evidence for both 
insulin-neutralizing and insulin-sensitizing anti- 
bodies. De Fillipis and Iannaccone (2) and Col- 
well and Weiger (3) employing salting out meth- 
ods and Sehon, Kaye, McGarry, and Rose (4) 
using starch electrophoresis have reported that in- 
sulin-neutralizing activity is localized in the y 
globulin fraction of the serum. Loveless and Cann 
(5), utilizing the technique of electrophoresis 
convection, observed that insulin-blocking anti- 
body is present in the y globulin fraction while 
insulin-sensitizing antibody is recovered with the 
8 globulins. An anti-insulin factor, capable of in- 
hibiting glycogen accumulation by the isolated rat 
diaphragm, was reported by Field and Stetten (6) 
to be present in the a and £ globulin fraction of the 
serum of diabetic subjects, during episodes of se- 
vere insulin-resistant acidosis. 

In addition to the factors reported in cases of 
insulin resistance, an insulin-binding antibody has 
been demonstrated, by zone electrophoresis and 
ultracentrifugal fractionation studies employing 
insulin-I'*', to be present consistently in the serum 
of insulin treated subjects (7,8). A study of the 
distribution of insulin-binding antibody among 
serum fractions separated with cold ethanol re- 
vealed that antibody was restricted to fraction I + 
III (which is comprised chiefly of 8 and @ globu- 
lins) in most subjects (9). In some, antibody was 
recovered in fraction II (primarily y globulins 
with a small amount of 8, globulin) as well as in 
fraction I+ III. In two subjects there were ob- 
served a small amount of insulin binding in fraction 
IV — VI (mainly albumin with a small amount 
of 8 and a globulins) as well as more marked bind- 
ing in the other two fractions. In all cases, bound 
insulin migrated in the inter y — 8 region on elec- 
trophoresis, regardless of the fraction in which the 
antibody was recovered (9). 


Still another anti-insulin effect is manifested by 
some sera in inhibiting the degradation of insulin 
by rat liver homogenates. Williams (10) has re- 
cently reported that such inhibition is exhibited by 
normal plasma but that inhibition is much greater 
with diabetic than with normal sera. 

The different methods employed in the demon- 
stration of anti-insulin factors and in the fractiona- 
tion of serum for their localization have made it 
impossible to clearly differentiate among these 
factors. In the present study the plasma factor 
associated with apparent inhibition of liver in- 
sulinase has been identified with insulin-binding 
antibody. Inhibitory activity was not observed in 
normal plasma or in plasma of diabetic subjects 
who had never received exogenous insulin. The 
apparent inhibition of liver insulinase activity de- 
scribed in the present report is clearly to be dis- 
tinguished from that due to direct interference with 
the liver insulinase system. Inhibition in the pres- 
ent sense applies solely to the protection of insulin 
from the degrading action of liver insulinase as a 
consequence of the binding of insulin by insulin- 
binding antibody. 


METHODS 


Insulin-I™ was prepared from crystalline beef insulin ? 
with a specific activity of 3-12 mc. I™ per mg. insulin and 
protected from extensive irradiation damage (11) ac- 
cording to methods previously described (9). At the 
higher specific activities, it was not possible to prevent 
such damage completely and 3 to 5 per cent was fre- 
quently found to be altered. Radiation-damaged material 
binds more or less indiscriminately to all the proteins of 
control plasma (8). The extent of binding of damaged 
material is independent of the concentration of insulin 
and is identical in ail control plasma samples. 

Serum protein fractions II, I+ III, and IV — VI were 
prepared according to the method of Lever and associ- 
ates (12) and concentrated, by freeze-drying, to two mil- 


1 We are indebted to Dr. O. K. Behrens and Dr. C. W. 
Pettinga of Eli Lilly Co. for a generous supply of crystal- 
line beef insulin Lot No. 535664. 


648 


& 
x. 
: 
3 
~ 


INSULINASE ACTIVITY AND INSULIN-BINDING ANTIBODY 


liliter volumes before or after dialysis against 0.25 per 
cent NaCl and were then dialyzed against 0.067 M phos- 
phate buffer, pH 7.4, for 18 to 24 hours. 

Liver homogenates were prepared by mincing fresh 
pieces of rat liver with two volumes of 0.067 M phosphate 
buffer in a Virtis homogenizer. Following centrifuga- 
tion for 5 minutes at 2,000 g, the supernatant material 
was employed without further dilution or diluted 1:10 
with the phosphate buffer. Where necessary, pH was 
again adjusted to 7.4. 

The extent of binding of insulin by serum antibody 
was determined by paper electrophoresis or hydrody- 
namic flow paper chromatography, employing insulin-I™, 
according to methods described elsewhere (8). When 
insulin-I™ is added to serum or serum protein fractions 
and subjected to electrophoresis or chromatography on 
paper, insulin which is not bound to any of the proteins 
is adsorbed to the paper at the site of application (“ori- 
gin’) (13, 7, 8) but insulin which is bound to any of the 
proteins migrates away from the origin along with the 
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binding protein. Since some dissociation of the insulin- 
antibody complex may occur during the time required to 
complete electrophoresis, the presence or absence of bind- 
ing in specific fractions was frequently determined by 
simple hydrodynamic flow chromatography (8), which 
effects satisfactory movement of the plasma proteins 
away from the origin in 20 to 30 minutes. 


Experimental procedures 

Uninhibited reaction. Insulin concentrations ranging 
from 0.2 to 500 ug. per ml. were prepared in solutions of 
0.067 M phosphate buffer containing serum albumin, 25 to 
50 mg. per ml., for the purpose of minimizing adsorption 
of insulin to the walls of glass containers (14). Tracer 
insulin-I™ containing 400 millimicrograms insulin was 
added to each solution and was taken into account in cal- 
culation of the total insulin concentration. 

Substrate solutions and preparations of liver homoge- 
nate were placed in a constant temperature water bath 
at 37° C and allowed to reach temperature equilibrium. 
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One milliliter of a 1:10 dilution of liver homogenate was 
added to one milliliter substrate solution and mixed in- 
stantly. At various intervals, 0.1 or 0.2-ml. aliquots were 
removed and pipetted into test tubes containing 5 ml. 
cold 10 per cent trichloracetic acid. Precipitates and fil- 
trates were assayed separately for radioactivity in a well 
scintillation counter with a sensitivity of 1.00 x 10° cpm. 
per uc. I™ over a background of 200 cpm. Radioactivity 
in the filtrate was taken to represent degraded insulin-I™. 
It has been shown elsewhere (15) that degradation in- 
volves proteolytic activity and not simply the process of 
deiodination. 

Inhibited reaction. Known amounts of insulin-I™ were 
added to 0.5 or 1.0 ml. of dialyzed whole serum, whole 
plasma or plasma fraction and incubated at 37° for 30 


minutes. Control solutions containing phosphate buffer, 
serum albumin, and insulin-I™ as described above were 
run simultaneously. Aliquots of all solutions were re- 
moved for electrophoretic or chromatographic analysis. 
One-tenth or 0.5 ml. undiluted liver homogenate, or 1.0 
ml. of a 1: 10 dilution of liver homogenate was then added 
to the substrate solutions and incubation at 37° C was 
continued. Aliquots were taken at various intervals and 
added to cold 10 per cent trichloracetic acid as described 
above. For any individual experiment, volumes and di- 
lutions of liver homogenate employed were identical for 
all substrate solutions. 


RESULTS 
Uninhibited reaction 


The fraction of insulin-[** degraded as a func- 
tion of time is plotted for various insulin concen- 
trations in Figure 1. The initial velocity at each 
concentration was calculated from the product of 
the zero time slope and the initial insulin concen- 
tration and is plotted as fraction of the maximum 
velocity vs. substrate concentration in Figure 2. 
A Lineweaver-Burk plot (16) of the same data is 
presented in Figure 3. Assuming a molecular 
weight of 12,000 for insulin, the Michaelis- Menten 
constant (K,,) for this reaction is 7.9 X 10°* mols 
per liter anid Vmax is 2.50 X 10°* mols per minute. 
When account is taken of the dilution factor this 
amounts to 18 wg. min.’ per gram liver. 
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Fic. 4. Tue Errect or SERUM AND PLASMA OF INSULIN TREATED AND CON- 


TROL SUBJECTS ON THE RATE OF DEGRADATION OF INsuLIN-I™ By Rat LIVER 


HoMOGENATES 


The small fraction of radioactivity migrating with albumin in the buffer control 
studies and with the plasma protein of control subjects represents radiation damaged 


material (see text). 


Reaction with serum or plasma 


The serum or plasma of subjects (diabetic or 
nondiabetic) who had never received exogenous 
insulin revealed no evidence of insulin-binding 
on paper electrophoresis and chromatography and 
had no influence on the rate of degradation of in- 
sulin-I**' by liver insulinase (Figure 4). 

In the presence of serum or plasma from in- 
sulin treated subjects, however, the rate of degra- 
dation of insulin-I’*' was inhibited significantly 
(Figure 4). This inhibition was correlated with 
the presence of insulin binding as demonstrated 
by paper electrophoresis or chromatography ( Fig- 
ure 4). When insulin concentrations were in- 
creased, resulting in an increased fraction of un- 
bound insulin, the per cent of insulin degraded as 
a function of time increased, in contrast to the de- 
crease observed in the serum of nontreated sub- 
jects (Figure 5) and in the control solutions (Fig- 


ure 1). The inhibitory activity was correlated 
with the presence of electrophoretically demon- 
strable insulin binding to inter y — f globulins 
regardless of whether insulin therapy had been 
given for diabetes or schizophrenia. 


Reaction with plasma protein fractions 


Inhibition of liver insulinase activity corre- 
sponded precisely to the presence or absence of 
insulin binding by the specific fractions, as deter- 
mined by paper electrophoresis or chromatography. 
In cases where insulin binding was observed only 
in fraction I + III, inhibition was observed only 
with this fraction (Figure 6). In those cases 
where insulin-binding antibody was present in 
fraction II as well as in fraction I + III (Figures 
7, 8), inhibition of liver insulinase activity was 
evident in both fractions and was roughly propor- 
tional to the degree of binding exhibited by each 
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Note the radiation damaged material migrating with 
the plasma proteins of the control subject. 


fraction. In one case binding was present in all 
three fractions and all three fractions inhibited 
insulin degradation by the liver homogenates. 

It has been observed previously (9) that, on 
one fractionation, insulin-binding antibody may be 
present in both fraction I + III and fraction II, 
but on a repeat fractionation of the same serum, 
antibody may be recovered only in fraction I + ITI. 
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In one such case studied here inhibitory activity 
was manifested by both II and I + III (Figure 7) 
when both fractions contained antibody and by 
fraction I+ III alone when only that fraction 
contained antibody (Figure 6). 


DISCUSSION 


Mirsky, Perisutti, and Dixon (17) have previ- 
ously made a thorough study of the rat liver in- 
sulinase system. The Vy,.x obtained in the present 
study (18 wg. per min. per gram liver) is in good 
agreement with that (20 »g. per min. per gram 
liver) obtained by these workers. However, their 
value for K,, is over 100 times as great as that 
reported here. This discrepancy is probably ex- 
plained by the fact that Mirsky, Perisutti, and 
Dixon (17) determined the extent of degradation 
at the end of 30 minutes and assumed that degra- 
dation was linear for all substrate concentrations 
during this time. The present observations (Fig- 
ure 1) indicate that this procedure would mark- 
edly underestimate the velocities at the lower con- 
centrations and would lead to a gross overestimate 
of the value for Ky. 

The correspondence of demonstrable insulin 
binding and inhibition of liver insulinase activity 
indicates that the two manifestations of “anti- 
insulin” activity are identical. This conclusion is 
further strengthened by the observation that an in- 
crease in insulin concentration, which reduces the 
ratio of bound to unbound insulin, leads to an in- 
crease in the fractional rate of degradation. This 
observation would be difficult to reconcile with any 
interpretation that inhibition of liver insulinase ac- 
tivity is associated with some plasma factor un- 
related to insulin binding such as “insulinase in- 
hibitor,” etc., for if this were the case, increase 
in substrate (insulin) concentration should lead 
to a decrease in the fractional rate of degradation. 

These studies do not confirm the observation of 
Williams (10) that normal plasma inhibits the in- 
sulin degrading action of liver homogenates. A 
possible explanation for the difference in results 
may be related to the addition of serum albumin 
to control solutions in the studies reported here. 
When small amounts of tracer insulin-I'** alone 
are incubated with phosphate buffer and liver 
homogenate, significant amounts of insulin-I** 
continue to adsorb to the glass walls of the vessels 
during the experiment (18). Since the degraded 
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ABSENCE OF INSULIN BINDING 


material is not adsorbed, the fraction of unde- 
graded insulin remaining in solution at any time 
appears to be less than in the presence of serum 
or albumin, either of which serves to competitively 
inhibit insulin adsorption by the glass. The rate 


of degradation therefore appears to be inhibited- 


by the presence of plasma. 

Serum albumin itself has no inhibitory influence 
on liver insulinase activity (10, 17) nor do a num- 
ber of other proteins (17). However, the com- 
petitively inhibitory effect on liver insulinase ac- 
tivity of certain other proteins such as glucagon 
(18) and the competitively inhibitory effect of 
insulin on liver “adrenocorticotropinase” and 
liver “glucagonase” activity (18) suggests that 
liver insulinase is not an absolutely specific en- 
zyme system. The possibility that competitively 
inhibitory proteins are present in sufficiently high 
concentration to explain the results obtained in 
this study is unlikely and furthermore could not 


account for the increase in fractional rate of degra- 
dation with increase in insulin concentration in in- 
hibitory sera. 

The present study also fails to confirm the in- 
hibitory influence of diabetic plasma unless the 
subject has received insulin therapy for some 
time and has produced insulin-binding antibody, 
since plasma of nontreated diabetic subjects con- 
tains no insulin-binding antibody and fails to in- 
hibit insulinase activity. 

The possibility of identity among some of the 
diverse anti-insulin activities reported by dif- 
ferent investigators has been considered elsewhere 
(9). The present study indicates that at least two 
manifestations of “anti-insulin” activity are re- 
ferable to the same phenomenon, namely binding 
of insulin by antibody. Whether insulin-neutraliz- 
ing activity, reported to reside in the y globulin 
fraction (2-4), is identical to insulin-binding 
globulin, which has been shown to have an elec- 
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trophoretic mobility corresponding to the inter 
y — B region (9) cannot be answered at present. 
Examination of insulin-binding protein fractions 
for neutralizing activity appears indicated. 


SUMMARY AND CONCLUSION 


1. The kinetics of insulinase activity of rat 
liver homogenate preparations were studied em- 
ploying insulin-I'** as a tracer. K, for the reac- 
tion was 7.9 x 10°° mols per liter and Vinax was 
found to be 18 yg. per min. per gram liver at 37° 
C and pH 74. 

2. Pre-incubation of insulin-I*** with plasma 
or serum of insulin-treated subjects resulted in in- 
hibition of liver insulinase activity. No such in- 
hibition was observed with serum or plasma of 
diabetic or nondiabetic subjects who had never 
been treated with insulin. Inhibition of liver 
insulinase activity was correlated with the presence 
of insulin-binding antibody as demonstrated by 
paper electrophoresis or paper chromatography. 

3. When inhibitory sera were fractionated with 
cold ethanol, inhibitory activity of the specific 
fractions was correlated with the presence of in- 
sulin-binding antibody. 

4. It is concluded that the apparent inhibition 
of liver insulinase activity by plasma or plasma 
fractions of insulin-treated subjects is due to the 
complexing of insulin by insulin-binding anti- 
body. 
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The mercurial diuretics in common use today 
exhibit certain basic similarities in structure. All 
are mercurated derivatives of substituted three 
carbon compounds of the type indicated below, in 
which the three substituents are designated X, OY, 
and R. 

H H H 


Hoy 


According to Friedman (1), the nature of the X 
substituent (usually gen, theophylline or thio- 
glycolate) has no effet un diuretic potency if the 
compound is given intravenously, but does influ- 
ence both hyperacute (cardiac and respiratory 
arrest) and acute (7 to 14-day) renal toxicity. 
The nature of the OY group is determined by the 
solvent in which the mercuration is carried out 
and is an hydroxyl group, if the solvent is water, 
or a methoxy or ethoxy group, if the solvent is the 
corresponding alcohol. Within these limits, 7.e., 
OH, OCH,, or OC,H,, the nature of the OY 
group is without appreciable effect on either diuretic 
potency or toxicity. In contrast, the nature of the 
R group, which is commonly rather complex, has 
a very great effect on both toxicity and diuretic 
activity. In the diuretic mersalyl, R is o-carbamyl- 
phenoxyacetic acid; in mercaptomerin, R is cam- 
phoramic acid; in meralluride, R is succinyl-urea ; 
in chlormerodrin, R is urea; and in mercumatilin, 
R is coumarin. Much of the interest in the struc- 
ture-activity relationships of mercurial compounds 
has centered around the effects of modification of 
R and relatively less attention has been paid to 
simple organo-mercurial compounds. 

A wide variety of substituted allyl compounds 


1 Aided by grants from the National Heart Institute, 
National Institutes of Health and the Life Insurance Medi- 
cal Research Fund. 
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are available or easily prepared as starting ma- 
terials. Mercuration in methy] alcohol is relatively 
easy and yields of the 3-mercuri-2-methoxy propyl 
end products are satisfactory. Logical questions 
which arise include: Is the three carbon side chain 
of the presently used diuretics an essential or opti- 
mal element of diuretic structure, or is it merely 
a matter of preparative convenience ? 

The diuretic activity of organic mercurial com- 
pounds has recently been ascribed to inhibition of 
sulfhydryl enzymes concerned with the renal tu- 
bular reabsorption of sodium and chloride ions 
(2, 3). Mercuric chloride and certain relatively 
simple organo-mercurials, including bromomer- 
curi-methane, bromo-mercuri-benzene and para- 
chloromercuri-benzoate, are potent and more or 
less specific inhibitors of sulfhydryl enzymes in 
vitro (4,5). Are these compounds also diuretics 
and are their diuretic activities in any way related 
to their activities as enzyme inhibitors? 

Mercuhydrin® (6, 7) and Neohydrin® (8, 9) 
have been shown to disappear rapidly from the 
blood stream following intravenous administration 
and to accumulate in the renal cortex in high 
concentration. Both drugs are highly bound to 
plasma proteins, hence are sparingly filtered 
through the glomerular capillaries, yet both are 
rapidly eliminated in the urine. Accordingly, tu- 
bular secretion must play a role in their excretion. 
Is rate of removal from plasma, rapidity of up- 
take by the renal cortex or rate of secretion by the 
renal tubules correlated with diuretic activity ? 

The present study was undertaken to answer 
the three questions posed above: (a) is the three 
carbon side chain essential for diuretic action; (b) 
are sulfhydryl enzyme inhibitors necessarily diu- 
retics; and (c) can diuretic activity be related to 
distribution and fate of the mercurial compound in 
the body. Twelve organic compounds of mercury 
and the single inorganic compound, mercuric 
chloride, were synthesized in our laboratory using 
Hg*®* as a label. Each compound was adminis- 
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tered intravenously to anesthetized dogs in doses 
of 1, 2, and 4 mg. of mercury per kilo of body 
weight. In all, over 50 experiments have been per- 
formed on an equal number of dogs. All experi- 
ments were acute for it was necessary to sacrifice 
each animal in order to obtain tissue samples. If 
one disregards mercuric chloride, which is moder- 
ately effective as a diuretic, the structure which we 
have observed to be associated with diuretic ac- 
tivity includes (a) a chain of not less than 3 car- 
bon atoms, (b) an atom of mercury attached to the 
terminal carbon of this chain and (c) some hydro- 
philic group not less than 3 carbons distant from 
the mercury. Probably other structures are com- 
patible with diuretic activity; however, many are 
not. All mercurial compounds are concentrated 
to some degree in the renal cortex, yet the degree 
of concentration seems but little related to diuretic 
potency. Those compounds which are very slowly 
excreted have no diuretic activity whereas those 
which are most rapidly excreted are, with one ex- 
ception, diuretics. However, this exception is 
sufficiently striking to discourage attaching great 
significance to a correlation of urinary mercury 
excretion and diuretic potency. Finally, three of 
the compounds most widely used as inhibitors of 
sulfhydryl enzymes in vitro are without diuretic 
activity. Thus, if diuresis is related to inhibition 
of sulfhydryl enzymes, the inhibitors must have 
properties other than, or structures different from 
those of bromomercuri-methane, bromomercuri- 
benzene and p-chloromercuri-benzoate. 


METHODS 
Chemical 


All syntheses were performed in our laboratory start- 
ing with the radioisotope Hg™O. As shipped from Oak 
Ridge National Laboratories, this product contains 3 
curies of Hg™ per irradiation unit, with a half life of 2.71 
days. To avoid using material of high and rapidly 
changing activity, the isotopic mixture was allowed to 
stand for two weeks or more prior to use. The isotope 
Hg™ has a half life of 43.5 days and emits beta particles 
of 0.205 MEV. and gamma rays of 0.286 MEV. When 
first used, the organic mercurial compounds counted at a 
rate of approximately 4,000 per minute per microgram of 
mercury in a well-type scintillation unit. They were used 
for two or at most three half life periods; some required 
recrystallization one or more times during this interval 
because of decomposition with liberation of metallic mer- 
cury, which strangely did not occur with the non-radio- 
active compounds nor with all of the radioactive ones. 
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We are indebted to Dr. H. L. Friedman of Lakeside 
Laboratories, Inc. for directions for the preparation of 
chlormerodrin and meralluride and also for a supply of 
both the allylurea and the succinylallylurea used as start- 
ing materials. We are similarly indebted to Dr. C. M. 
Suter, of the Sterling-Winthrop Research Institute for 
advice on the preparation of mersalyl and for a supply 
of o-allylcarbamyl-phenoxyacetic acid. The remainder of 
the syntheses were taken from the literature and the 
appropriate references are noted in Table I. 

All syntheses were performed several times with non- 
radioactive mercury prior to a radioactive run. Struc- 
tures of end products were not proved. However, cri- 
teria of adequacy of preparation included reproducibility 
of product, melting point, solubility characteristics and 
gravimetric mercury analysis as the sulfide. Brief de- 
scriptions of these characteristics of the compounds syn- 
thesized are included in Table I. 

Chemical procedures employed in the analyses of blood, 
urine and tissue samples are those described in a previ- 
ous communication (9). 


Biological 

With one exception,* identical procedures were fol- 
lowed in all experiments. All were performed on fe- 
male mongrel dogs, anesthetized with not more than 30 
mg. of pentobarbital per kilo intravenously, supplemented 
as needed. Following anesthesia, one liter of 0.85 per cent 
saline was administered intravenously, a priming dose of 
creatinine was given and an infusion of creatinine in 
saline was begun at a rate of 2 cc. per minute. The left 
kidney was exteriorized through a 5-cm. flank incision and 
held in contact with an end window Geiger tube by a 
sheet of rubber dam perforated to pass the renal pedicle. 
A film of Saran plastic separated the kidney from the 
Geiger tube to protect the latter from contamination. 
Counts were recorded every minute and represent semi- 
quantitatively variations in the concentration of radio- 
mercury in the outer few millimeters of the renal cortex. 
When urine flow stabilized, two 20-minute control clear- 
ance periods were obtained. Blood samples were drawn 
through a retention needle in the femoral artery, urine 
was collected with a Foley catheter and the bladder was 
washed out with 10 cc. of distilled water at the end of 
each urine collection period. 

The mercury cor.:pound, dissolved with a minimum of 
alkali or alcohol, if the solubility was greater in the 
latter solvent, was administered intravenously in 20 sec- 
onds following the second control clearance period. Each 
compound was given in three experiments in doses of 1, 
2 and 4 mg. mercury per kilo body weight. Arterial 
blood samples were drawn 1, 2, 3, 5, 7, 10 and 15 minutes 
after the start of the mercury injection and thereafter 


4In this experiment, designed to test the effects of 
Probenecid® on the secretion of p-chloromercuri-ben- 
zoate, the mercurial compound was infused intravenously 
throughout the course of the experiment instead of being 
administered rapidly in a single intravenous injection. 
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at the mid-point of each urine collection period. The 
first two clearance periods following mercury were 10 
minutes in length. Thereafter, 20-minute collections were 
continued for a total of 3 hours. 

At the end of the experiment, the animal was sacri- 
ficed and samples of heart, lung, diaphragm, gut, skin, 
liver and spleen were removed. One kidney was cored 
from cortex through medullary papilla with a No. 5 
cork borer. The cylinder of tissue so obtained was sliced 
free hand with a razor blade into nine or ten sections 
as nearly equal in thickness as possible. Usually three 
sections were obtained from the cortex, three from the 
medulla and four from the papilla. The kidney sections 
(weighing 15 to 60 mg.) and samples of the other tis- 
sues of appropriate size were placed in tared test tubes, 
weighed wet and counted without further preparation in 
a well-type scintillation unit. Plasma binding of each 
mercurial compound was estimated by high pressure 
ultrafiltration of plasma through cellophane. 
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RESULTS 


The 13 compounds studied are listed in Table I 
in order of decreasing complexity, modified to 
place last the four compounds used in vitro as 
sulfhydryl enzyme inhibitors. When arranged in 
this order, the first five compounds have diuretic 
properties, the next seven are not diuretics, and 
the final one, mercuric chloride, is again a diuretic. 

We have taken as an indication of diuretic ac- 
tivity, an increase in urine flow or an increase in 
sodium excretion with respect to the two control 
periods in any period within three hours after the 
intravenous injection of an amount of the com- 
pound containing 1, 2, or 4 mg. of mercury. We 
have been fortunate in the application of these cri- 


TABLE I 


Structures, physical properties and methods of preparation and puri 


ion of the one inorganic and 


twelve organic compounds of mercury used in these studies * 


COMPOUND FORMULA 


RECRYSTAL-| MELTING % 
IZATION POINT 
SOLVENT 


3-Hydroxymercuri-2- meth 
acetate (Mersaly!) 
3-Acet: curi~2 y 
succinyl — propylurea 
(Meralluride) 


oh. 


oh. 


3-Chi 


propylurea 
(Chiormerodrin) 
3~Acetomercurl methoxy 
propane 
3-Nitromercuri-2,3-dehydro— 
I~hydroxy~ propane 


> 


Br-Hg-CHs 


3-Bromomercuri — propane 


3~lodomercuri —2—hydroxy- 
propane 


ethane 


2-Chloromercuri ~!—hydroxy- 
ethane 
p-Chioromercuri— benzoate 
Bromomercuri— benzene 
Bromome:curi — methane 


Mercurie Chloride Hg-Cla 


FR coon 
° 


Water 


Ethanol 


Ethanol 


* Procedures employed in the syntheses of these several com 


ds were derived from the following sources: 


A, Personal communication from Dr. H. L. Friedman, Lakeside Laboratories, Inc.; B, personal communication from 
Dr. C. M. Suter, Sterling~Winthrop Research Institute; C, K. Hoffman and J. Sand, Berichte der Deutschen Chem- 
ischen Gesellshaft, 1900, p. 2692; D, S. W. Whitmore, Organic Compounds of Mercury, 1921, Chemical Catalogue Co., 
New York; E, J. Sand and K. Hoffman, Berichte der Deutschen Chemischen Gesellshaft, 1900, B 1353; F, H. Gilman 


and A. Blatt, Organic Syntheses, Vol. I, 1941, John Wiley & Sons, New York; G, S. Hilpert and 


der Deutschen Chemischen Gesellshaft, 1913, p. 1675. 


Gruttner, Berichte 
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Inject 2.0 mg. Hg2°5/Kg os Chiormerodrin intravenously 


Fic. 1. 


Summary oF Data OBTAINED IN AN EXPERIMENT IN WHIcH A D1vureETIC 


CoMPoUND, CHLORMERODRIN, WAS ADMINISTERED INTRAVENOUSLY IN A Dose oF 2.0 MG. 


or Mercury PER KiLo 
See text for further description. 


teria to find that any compound increasing urine 
flow also increased sodium excretion; that any 
compound (except HgCl,)* which has a diuretic 
action in one dose, exhibited such an action in all 
three doses; and that any compound which sig- 
nificantly increased urine flow or sodium excretion 
in one 20-minute collection period, did so in several 
consecutive periods. There has, therefore, been 
no difficulty in deciding, according to these criteria, 
whether a compound is or is not a diuretic. These 
criteria are, of course, remarkably restrictive, es- 
pecially with respect to time, but we feel, by defin- 
ing diuresis in such terms in the dog, we are study- 
ing a phenomenon related to that observed in the 


5 The single exception refers to the fact that mercuric 
chloride in the highest dose (4 mg. of mercury per kilo) 
caused a drop in urine flow and in sodium excretion in 
association with a collapse of filtration rate. 


successful therapy of edematous patients. We are 
not convinced that the “diuresis” observed in rab- 
bits by Fourneau and Melville (10), having its 
onset three days after a single intravenous injec- 
tion, has any bearing on diuretic therapy. 

Figures 1 and 2 summarize experiments in 
which two organo-mercurial compounds having 
diuretic properties were administered in doses of 
2 mg. of mercury per kilo of body weight: Figure 
1, chlormerodrin; Figure 2, 3-acetomercuri-2- 
methoxy-1-hydroxy-propane. 

The significant features of the diuretic responses 
in these experiments are the following: sodium 
excretion increased from a mean of 427 mEq. per 
minute before, to a peak of 1,395 mEq. per minute 
after chlormerodrin and from a mean of 423 mEq. 
per minute before, to a peak of 1,040 mEq. per 
minute after 3-acetomercuri-2-methoxy-1-hydroxy- 
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propane. In both instances, the peak sodium out- 
put occurred during the period 20 to 40 minutes 
after administration of the mercurial compound. 
Urine flow, like sodium excretion, increased two 
to three fold in the two experiments and in each, 
the peak was reached during the 20 to 40-minute 
period. The diuretic response both in terms of 
sodium loss and excess urine output was greater 
in magnitude and more prolonged following chlor- 
merodrin than after 3-acetomercuri-2-methoxy-1- 
hydroxy-propane. 

The plasma mercury concentration in both ex- 
periments was roughly 30 mcgm. per cc. one min- 
ute after the intravenous injection, dropped rapidly 
over the first half hour and then more slowly to 
reach values of one and three mcgm. per cc. three 
hours later. The regression of plasma concen- 
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tration is obviously a multiple exponential function 
of time. No less than three processes determine 
the characteristics of this regression curve, namely, 
mixing in the plasma compartment, migration into 
tissues and excretion (6, 9). 

Migration from plasma into kidney tissue or, 
more specifically, uptake and binding of mercury 
by cells of the renal cortex are illustrated semi- 
quantitatively by the counts per minute recorded 
by a Geiger tube in contact with the exteriorized 
kidney. Because a Geiger tube is appreciably 
sensitive only to beta particles, and because the 
energy of the beta emission of mercury is low, the 
system responds mainly to mercury in the outer 
few millimeters of the kidney cortex. It is ap- 
parent that both chlormerodrin and 3-acetomer- 
curi-2-methoxy-1l-hydroxy-propane are rapidly 
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See text for further description. 
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TABLE II 


Comparison of tissue concentrations and tissue to plasma 
ee ratios of mercury following the 
administration of two compounds 
having diuretic properties * 


Chiormerodrin ri-2-Mathoxy 
}-Hydroxy-Propane 


Hg/gm 


wom. Hg/gm! Tissue/ 
Piesma 


Diaphragm . 
Skin 


*In each experiment, an amount of the compound con- 
taining 2.0 mg. of mercury per kilo was administered intra- 
venously. The animals were sacrificed 3 hrs. after 
receiving the injection. These data were obtained from 
the two experiments summarized in Figures 1 and 2. 


taken up by cortical tissue, half the maximum con- 
centration being attained in 15 minutes. The con- 
centration of chlormerodrin in the kidney reached 
a peak about one and one-half hours after intra- 
venous injection and then gradually declined. In 
contrast, the concentration of 3-acetomercuri-2- 
methoxy-1-hydroxy-propane increased somewhat 
more gradually and reached a plateau between two 
and three hours after injection. 

The concentration of mercury in the renal cortex 
and in representative tissues at the end of each 
of these two experiments are given in Table II. 
It is evident that the kidney concentrates each 
substance highly with respect to plasma, that the 
liver, spleen and lung concentrate them very 
slightly and that the remaining tissues do not 
concentrate them at all. 

The rate of excretion of mercury, in per cent of 
dose administered, and the glomerular filtration 
rate, as measured by the creatinine clearance, are 
also given in Figures 1 and 2, Excretion of mer- 
cury was rapid following both mercurial com- 
pounds and in the two hours and forty minutes 
following intravenous administration; 54.9 per 
cent of the chlormerodrin and 66.6 per cent of 
the 3-acetomercuri-2-methoxy-1-hydroxy-propane 
were eliminated in the urine. The two compounds 
exhibited equivalent toxicity in a dose of 2 mg. 
of mercury per kilo when toxicity is expressed 
in terms of depression of glomerular filtration 
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rate. In both experiments, the creatinine clear- 
ance dropped about 30 per cent following the 
mercurial. 

In Table III are summarized data obtained in 
18 experiments with six compounds which ex- 
hibited diuretic activity. Each compound was 
given in a dose of 1, 2, and 4 mg. of mercury per 
kilo. For comparison, the commonly used human 
therapeutic dose of most mercurial diuretics 
amounts to 1 mg. of mercury per kilo. Each ex- 
periment was performed in a manner similar to 
that of the experiments illustrated in Figures 1 
and 2. 

In each instance {with the exception of mer- 
curic chloride in a dose of 4 mg. of mercury per 
kilo) both urine flow and sodium excretion in- 
creased after the drug. Furthermore, the diuresis 
of water and sodium was greater after a dose of 
2 mg. of mercury per kilo than after a dose of 1 
mg. For the most part, the response to 4 mg. 
of mercury per kilo was equal to or less than that 
to 2 mg. Only 3-acetomercuri-2-methoxy-1-hy- 
droxy-propane exhibited a greater diuretic re- 
sponse to 4 mg. of mercury per kilo. 

All compounds in all dose ranges (with two ex- 
ceptions in the 18 experiments) depressed glo- 
merular filtration rate.6 Depression for the most 
part was slight to moderate, although greater in 
the higher dosage range. However, what must 
have been individual differences in susceptibility 
complicated the picture. Of all the compounds 
studied, 3-acetomercuri-2-methoxy-succinylpropyl- 
urea appeared most benign, mercuric chloride most 
toxic. 

All of the diuretic compounds of mercury shown 
in Table III are more or less rapidly eliminated 
in the urine. From 10 to 70 per cent of the dose 
was excreted in the two hours and forty minutes 
after intravenous administration. The clearance’ 
of mercury ranged from 7 to 45 cc. per minute. 
Since these compounds were from 99.4 to essen- 


tially 100 per cent bound by plasma proteins, they 


6 Depression of filtration rate is no doubt due in part 
to the rapidity of intravenous injection of the diuretic, 
i.e., 20 seconds. 

7 Because of the rapid uptake of the mercurial com- 
pounds by the renal tubules early in the course of the 
experiment, their combination with cysteine in the tubu- 
lar cells and their secretion into the urine, clearance has 
a somewhat different connotation than it usually has. 


| 
[ ™ 
Plasma 
155 38.9 12.2 
3.89 3.60 5.45 1.70 od 
1.39 1.29 3.16 0.99 : 
1.23 1.20 4.32 1.35 
0.29 0.28 2.59 0.80 
0.70 0.66 2.59 0.80 
0.23 0.2! 0.84 0.26 : 
0.40 0.35 1.95 0.61 
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TABLE Ill 


Summary of results obtained in 18 


experiments in which six diuretic compounds were administered 


intravenously in doses of 1, 2 and 4 mg. of mercury per kilo * 


Urine 
Flow 


Mercu Terminal Mercury Concentration | 


cc./min. 


Na 
Excretion % Cig 
igi Cont.| Max. |Cont | Max. . {Dose tex iver Diaph. 
Excr. | /min. 


/min. 


yugm./cc. or/gm. 


curi-2-methoxy- Li} 19 


85 
acetate (Mersaly!) 32| 48 


190 


34 105 0.1 02 
25 | 12 1.1] osf 
20 | 24 1.8] 25104 


|. 3-Acetomercuri-2-methoxy- 18 
succinyl-propylurea 3.1 
(Meralluride) 30 


1.0 0.6 02 
1.3 0.6 
60 24 


3-Chloromercuri-2-methoxy- 1.6 


- propylurea 35 
(Chlormerodrin) 35 


08 03 
14 
5.2 9.1 


3-Acetomercuri-2-methoxy- 
I-hydroxy-propane 


1.2 
3.2 
5.7 


3-Nitromercuri-3-2-dehydro- 
I-hydroxy-propane 


2.1 
2.1 
10. 14.7 


Mercuric Chloride | 
2 
4 


16 . | 5.102 
9.0} 29 6.7} 0.3 


18] 83 31. | 1.2 


* Urine flow, sodium excretion and creatinine clearance are presented as averages of the values observed in the 


two control periods and in the two successive experimental periods in which maximum 


changes occurred. Mercury 


excretion is presented both in terms of per cent of the administered dose eliminated in the 3 hrs. following intravenous 
injection of the diuretic and in terms of the maximum plasma clearance of mercury. In the last 5 columns on the 
right are shown the mercury concentrations of plasma and of four representative tissues observed at the end of 


the experiment. 


We have no explanation for the aberrant result on mercury excretion obtained in the experiment in which 2.0 


po mercury was administered as 3-nitromercuri-3-2-dehydro-1-hydroxy-propane. 
istered dose was excreted in comparison with the 52 and 35 per cent excreted at lower and higher dose levels. 


Only 10 per cent of the ad- 
The 


clearance, however, is correctly tabulated for plasma concentration was proportionately as low as urinary excretion. 


must have been in large part actively secreted into 
the tubular urine, for no significant amount is free 
to enter the glomerular filtrate. 

The concentration of mercury in the plasma and 
in four representative tissues at the end of each 
of the several experiments are shown on the 
right of Table III. All of the diuretic compounds 
are more highly concentrated in the renal cortex 
than in any other tissue, the greatest absolute con- 
centration of mercury being attained following a 
dose of 3-chloromercuri-2-methoxypropyl-urea 
(chlormerodrin) equivalent to 4 mg. of mercury 
per kilo. The concentration attained in this ex- 


periment was 390 mcgm. per gm., roughly 2 x 
10-* molar mercury. Significant concentrations of 
mercury were attained in the spleen and liver. 
Two compounds, namely 3-nitromercuri-2-3-dehy- 
dro-1-hydroxy-propane and mercuric chloride 
were rather highly concentrated in the spleen. 
Lung, heart, gut, skin and diaphragm concentrated 
the mercury slightly or not at all. Least active in 
this respect was diaphragm, shown in the last 
column of Table ITI. 

Figures 3 and 4 summarize experiments in 
which two organo-mercurial compounds exhibiting 
no diuretic activity were administered in doses of 


Dosell 
| 
| 
{ 400] 62 | 67 | 67 
t re 980 | 64 | 52 | 62 
= 
4.8|270|630 | 68 | 62 | 59 
4 7.9] 230 |910 | 64 | 53 | 74 
73| 5601160 |66 | 71 | 6! 
150 1290/5! | 45 | 48 02 
420 |I340]69 | 49 | 55 02 
98|760|71 | 34 | 26 [2 | 08 
68|720|930|84 | 72 | 53 2.4] 23/03 
69| 430|950|83 | 57 | 67 3.2| 55/08 
8.8] 370}020|68 | 43 | 41 13. | 9.41.3 
1.3] 41] 140/520 28 72 
3.0| 9.6] 420/1300 50 7.4 
2.0] 88] 200]1190 45 96 
42 | 69] 470] 850 
| 3.2 | 450|I260 


2 mg. of mercury per kilo of body weight: Figure 
3, p-chloromercuri-benzoate; Figure 4, 3-iodo- 
mercuri-2-hydroxy-propane. Urine flow and so- 
dium excretion decreased after the injection of 
both compounds, similar decreases occurring at all 
dose levels within the range of 1 and 4 mg. of mer- 
cury per kilo. Although this antidiuresis in the 
p-chloromercuri-benzoate experiment was associ- 
ated with a modest fall in filtration rate, no such 
fall was observed following 3-iodomercuri-2-hy- 
droxy-propane. Furthermore, following doses of 
1 and 4 mg. per kilo of mercury as p-chloromer- 
curi-benzoate, lesser falls in filtration rate occurred 
with equivalent antidiureses. 

The plasma concentration of mercury decreased 
from a peak of 31 mcgm. per cc. one minute after 
the intravenous injection of p-chloromercuri-ben- 
zoate to a low of 4 mcgm. per cc. two hours and 
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fifty minutes later. The plasma regression curve 
was very similar to that following 3-acetomercuri- 
2-methoxy-1-hydroxy-propane. In contrast the 
regression curve following 3-iodomercuri-2-hy- 
droxy-propane was very different, the peak value 
one minute after injection amounting only to 2.78 
mcgm. per cc. A plateau of 0.4 mcgm. per cc. was 
attained after an hour and was maintained for the 
remainder of the experiment. 

Uptake of mercury by the renal cortex, as 
measured by a Geiger tube in contact with the 
kidney surface, was very rapid in both experi- 
ments; half the peak concentration of each com- 
pound was attained within 1 to 2 minutes. How- 
ever, the concentration of p-chloromercuri-ben- 
zoate reached a plateau early, whereas that of 
3-iodomercuri-2-hydroxy-propane continued to 
rise throughout the experiment. Early plateau- 
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ing of p-chloromercuri-benzoate is no doubt re- 
lated to its rapid urinary excretion, the continued 
slow rise of 3-iodomercuri-2-hydroxy-propane to 
its negligible excretion, for renal concentration is 
no doubt directly proportional to rate of uptake 
and inversely proportional to rate of excretion. 


TABLE IV 


Comparison of tissue concentrations and tissue to 
concentration ratios of mercury following the ad- 
ministration of two compounds devoid 
of diuretic properties * 


3-lodomercuri- 
2-Hydroxy-Propane 


p-Chioromercuri- 
Benzoote 


Tissue/ 
Plasma 


11.8 
0.91 
0.70 
0.91! 
0.21 
0.80 
0.25 
0.31 


Tissue/ 
Piasma 


130 
23.4 
168 
11.6 
3.50 
4.80 
5.72 
2.52 


gm Hg/gm. Hg/gm. 


36.3 
2.79 
2.14 
2.80 
0.66 
2.47 
0.76 
0.96 


54.0 
9.75 

69.6 
4.82 
1.45 
2.00 
2.38 
1.05 


Kidney Cortex 
Liver 

Spleen 

Lung 

Heart 

Gut 
Diephragm 
Skin 


* See legend of Table II for further clarification. 


As is evident from Table IV, the final renal 
cortical concentration of each compound was simi- 
lar to that of 3-acetomercuri-2-methoxy-1-hy- 
droxy-propane (cf., Table II). Most striking, 
however, is the very high concentration of 3-iodo- 
mercuri-2-hydroxy-propane attained in the spleen, 
the splenic value exceeding even the renal. The 
hepatic concentration of this compound is also 
relatively high. 

In Table V are summarized the data obtained 
in 21 experiments with seven compounds which 
exhibited no diuretic activity. Each experiment 
was similar to those presented in Figures 3 and 4. 
In no instance was there a significant increase in 
either urine flow or sodium excretion at any dose 
level within a range of 1 to 4 mg. mercury per 
kilo. Although six of the seven compounds 
caused some reduction in glomerular filtration 
rate, the magnitudes of the reductions were no 
greater than those observed to result from diu- 
retic compounds (cf., Table III). Furthermore, 
each non-diuretic compound in at least one dose 
level failed to alter filtration rate and 2-chloro- 
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mercuri-1-methoxy-ethane was remarkably be- 
nign at all dose levels. 

If one excludes p-chloromercuri-benzoate, all 
non-diuretic compounds studied were poorly ex- 
creted whereas all diuretic compounds were rap- 
idly eliminated in the urine. Because high rate of 
excretion seemed so clearly related to diuretic ac- 
tion with the single exception of p-chloromercuri- 
benzoate, it was felt that this latter compound 
might be secreted by a different mechanism. The 
inference was that secretion of the diuretic com- 
pounds concentrates them at a mercury sensitive 
site of salt reabsorption. P-chloromercuri-benzo- 
ate, secreted by another mechanism and concen- 
trated at another site, might thus be devoid of diu- 
retic properties. We felt it at least possible that 
p-chloromercuri-benzoate might be secreted by 
the mechanism which transports Diodrast®, para- 
aminohippurate and penicillin and thus be sensitive 
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to Benemid®. Evidence obtained in two experi- 
ments clearly demonstrated that Probenecid had 
no effect on renal uptake, regression of plasma con- 
centration or rate of urinary excretion of p-chloro- 
mercuri-benzoate. We therefore have no evidence 
that this latter compound is secreted by a mecha- 
nism different from that of the diuretic compounds. 
Its high rate of excretion remains an exception 
to any generalization relating this property to diu- 
retic activity. 

It is evident from Tables III and V that all com- 
pounds, both diuretic and non-diuretic, are con- 
centrated in the renal cortex. Although chlormer- 
odrin, which is the most active of the diuretics 
studied, is also most highly concentrated in the 
kidney, the degree of concentration of the remain- 
ing compounds seems entirely unrelated to diu- 
retic potency. Figure 5 illustrates the distribution 
of mercury in the kidney in four experiments in 


TABLE V 
Summary of results obtained in 21 experiments in which seven non-diuretic u were 


inistered 


intravenously in doses of 1, 2 and 4 mg. of mercury per 


Na 
Excretion 


Terminal Mercury Concentration 


Cont. | Max. 


MEQ. /min. 


Loved 
uagm./cc. or /gm. 


p-Chloromercuri- benzoate 185 
350 


540 


13 


Bromomercuri-methane 140 
3.6 


1.2 


Bromomercuri- benzene 3.1 
46 


2.1 


5.6 
5.5 


Bromomercuri- propane 
08 


1.2 


1.7 
0.4 
02 


3-lodomercuri-2-hydroxy- 
propane 


1.2 
22 
2.1 


0.3 
0.9 
1.8 


26 
1.5 
29 


06 
03 


ethane 


1.9 
1.5 
1.7 


08 
0.7 


ethane 150 


93 


ea 


* See legend of Table III for further clarification. 
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MICROGRAMS RENAL TISSUE 


Papilla 
SLICE NUMBER 

Fic. 5. A COMPARISON OF THE DISTRIBUTIONS OF 
Mercury IN THE CorTEX, MEDULLA AND PAPILLA OF THE 
Kiwney FoLLowInc THE INTRAVENOUS ADMINISTRATION 
oF Two Druretic Compounps, CHLORMERODRIN AND 
AND 
Two Non-Drivuretic Compounps, P-CHLOROMERCURI-BEN- 
ZOATE AND 

In each experiment an amount of the compound con- 
taining 2.0 mg. of mercury per kilo was administered 3 
hrs. before sacrificing the animal to obtain the renal tissue. 
See text for description of method of sampling. Data de- 
rived from experiments summarized in Figures 1, 2, 3 
and 4. 


which 2 mg. of mercury per kilo were adminis- 
tered as chlormerodrin, 3-acetomercuri-2-methoxy- 
1-hydroxy-propane, p-chloromercuri-benzoate and 


3-iodomercuri-2-hydroxy-propane. All com- 
pounds exhibited a qualitatively similar distribu- 
tion, being most highly concentrated in the cor- 
tex, less in the medulla and least in the papilla. 
The last three of these compounds exhibited a 
quantitatively similar distribution, the two non- 
diuretics bracketing closely the diuretic. Thus, 
neither total concentration of the compound nor 
peculiarity of distribution could be related to diu- 
retic activity. 
DISCUSSION 

A number of studies have demonstrated that 
mercurial diuretics are accumulated in kidney tis- 
sue and that diuresis occurs only after some unde- 
fined threshold concentration has been achieved 
(9). Results presented in this paper demonstrate 
that non-diuretic compounds of mercury are like- 
wise concentrated in kidney tissue and that their 
distribution within renal cortex, medulla and pa- 


R. H. KESSLER, R. LOZANO, AND R. F. PITTS 


pilla is both qualitatively and quantitatively simi- 
lar to that of diuretic compounds. Accordingly, 
binding by renal tissue is not a feature which 
distinguishes diuretic from non-diuretic com- 
pounds of mercury. 

It is generally believed that the combination of 
inorganic mercury, split off from the diuretic, or 
of the free mercury bond of the intact diuretic 
molecule with renal sulfhydryl enzymes renders 
those enzymes inactive and results in diuresis (2). 
Recent evidence supports the thesis that the in- 
tact molecule rather than inorganic mercury is the 
active agent (11, 12). Our results demonstrate 
that compounds active in vitro as inhibitors of 
sulfhydryl enzymes are not necessarily diuretics 
in vivo. Thus of the four commonly used inhibi- 
tors of sulfhydryl enzymes in vitro, three, namely 
bromomercuri-methane, bromomercuri-benzeneand 
p-chloromercuri-benzoate, have no diuretic ac- 
tivity in vivo. If inhibition of sulfhydryl enzymes 
is a significant element of the diuretic process, then 
the inhibitor must have properties other than, or in 
addition to, those of the three compounds men- 
tioned above. 

All of the mercurial compounds which we have 
studied have been so highly bound to the plasma 
proteins that little could be filtered through the 
glomeruli; most of that which enters the urine 
must have been eliminated by tubular secretion. 
Of the 13 compounds studied, 6 with diuretic 
properties are rapidly excreted, while 6 of the 7 
without diuretic properties are slowly excreted. 
One might infer that active tubular secretion of 
a mercurial compound leads to its accumulation 
in a region where enzymes significant for the re- 
absorption of salt and water are located. Block- 
ade of these enzymes results in diuresis. Against 
this view is our finding that p-chloromercuri-ben- 
zoate, which is not a diuretic, is rapidly excreted 
in the urine, presumably by the same mechanism 
responsible for the secretion of the several diuretic 
agents. 

More or less by exclusion, we have been forced 
to the view that steric configuration is significant 
in determining whether or not a given compound 
of mercury will have diuretic properties. We sug- 
gest that some “critical lock and key” relationship * 

8 Steric configuration might be related to diuretic ac- 
tivity in a number of ways other than by the mechanism 
postulated. Thus a hydrophilic group three carbons dis- 
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exists which can be schematically represented as 
follows : 


The simplest compounds which we have ob- 
served as having diuretic properties include the 
following : 


H H H 
*Hg—C=C—C—OH 


and 


H H 


These compounds exhibit a terminal mercury- 
carbon linkage, a free mercury valence and a hy- 
drophilic substituent (in these instances an OH 
group) three carbons removed from the mercury. 
As pointed out in the introduction, this configura- 
tion characterizes the mercurial diuretics in com- 
mon use today although the hydrophilic substitu- 
ent is more complex than that of the compounds 
noted above. The simplest hydrophilic substitu- 
ent in a clinically useful diuretic is urea, present 
in chlormerodrin. 

The non-diuretic compounds most closely re- 
lated to the two diuretics described above have the 


tant might increase the dissociation of the terminal atom 
of mercury as free mercuric ion. It has long been con- 
sidered that compounds of mercury are diuretics by vir- 
tue of the fact that they liberate small quantities of mer- 
curic ion (2). Against this view is the recent evidence 
(11, 12) that mersalyl and meralluride are excreted 
either as cysteine or acetyl-cysteine complexes of the 
parent compound and that little or no inorganic mer- 
curic ion can be found in the urine. Furthermore, it is 
evident in the data presented in this paper, that the diu- 
retic activity of chlormerodrin and possibly of merallu- 
ride exceeds that of mercuric chloride per mg. of mer- 
cury administered. It is difficult to believe that chlormer- 
odrin could exert its marked diuretic effect by liberating 
a minute fraction of its mercury as mercuric ion. A 
more acceptable explanation of our findings would be 
that the bonding of mercury to an active enzyme site is 
facilitated by a hydrophilic group three carbons distant 
without the necessity of postulating secondary’ bonding 
to the enzyme through that hydrophilic group. 


STRUCTURE-ACTIVITY RELATIONSHIPS OF MERCURIAL COMPOUNDS 


and 


following structures : 


H H 


H H 
+Hg—C—C—OH, +Hg—C—C—O—CH; 
H H H H 


H H 
+Hg—C—C—CH; 
H H 


The first two differ in having a two carbon rather 
than a three carbon chain. The third differs in 
having no hydrophilic substituent on the terminal 
carbon. Obviously to determine whether the 
three carbon chain is truly significant, it would be 
necessary to show that a 4-mercurated-n-butanol is 
not diuretic. To date we have been unable to 
synthesize this compound. 

If steric configuration is significant in determin- 
ing whether or not an organic compound of mer- 
cury will exhibit diuretic activity, why is bichloride 
of mercury a moderately effective diuretic? A 
simple answer might be that inorganic mercury 
binds readily to a single active enzyme site. Only 
when an organic side chain is attached to one mer- 
cury valence, does it become necessary to have a 
second polar binding group three carbons distant 
from the mercury in order to form a stable com- 
plex with the enzyme. Another possibility is that 
the diuretic substance is not mercuric ion but a 
monothiol complex of mercury. Weiner and 
Miller (11) have shown that Salyrgan® and 
chlormerodrin are excreted in combination with 
cysteine and acetylcysteine. Were mercuric ion 
to complex with cysteine in a 1:1 molar ratio in 
the kidney, the resulting compound would exhibit 
in some respects the features of a diuretic as out- 
lined above: 

H NH; O 


If it be permissible to replace carbon with sulfur, 
the chain of one sulfur and two carbons between 
the mercury and the hydrophilic amino group 
would constitute the usual three units. 

In all fairness, we must point out that this hy- 
pothesis, which imputes diuretic significance to a 
three unit chain linking mercury and a hydrophilic 
group, is a tenuous one. It is possible that a chain 
of four or more units would be compatible with 
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diuretic activity, for we have been unable to syn- 
thesize and test such compounds. Furthermore, 
certain compounds (13), most notably Novasurol, 
have been assigned structures which are in op- 
position to this thesis. In general, however, the 
structures of these compounds have not been well 
established; possibly they constitute no contra- 
diction. Furthermore our criteria of diuresis are 
more restrictive than those applied by others. 
Compounds which others have claimed to be diu- 
retics, might in our hands be devoid of diuretic 
properties. It is perhaps best to consider our 
thesis merely as a working hypothesis and to ad- 
mit the possibility that other structures might well 
be consonant with diuretic activity. 


SUMMARY 


Twelve organic compounds of mercury and mer- 
curic chloride have been studied with respect to 
diuretic properties, effects on renal function, re- 
gression of plasma concentration and tissue distri- 
bution in acute experiments on dogs. Each com- 
pound was administered intravenously in doses of 
1, 2 and 4 mg. of mercury per kilo of body weight. 

Six of the 13 compounds exhibited diuretic 
properties, seven did not. All compounds were 
accumulated in the kidneys and no relation be- 
tween pattern of distribution or renal concentra- 
tion and diuretic activity could be established. 
Those compounds which were slowly excreted in 
the urine exhibited no diuretic activity. 

Three of the compounds most widely used as in- 
hibitors of sulfhydryl enzymes in vitro were devoid 
of diuretic properties. If diuresis is related to 
inhibition of sulfhydryl enzymes, the inhibitors 
must obviously have properties different from 
those exhibited by the compounds studied. 

Our studies and those of Weiner and Miiller 
(11) and others (12) have led us to the view that 
diuretic activity of organic compounds of mercury 
is dependent on some fundamental structural con- 
figuration. Within the limits of our experience, 
namely 12 organic compounds of mercury, 5 of 
which were diuretics and 7 of which were not, the 
structure associated with diuretic activity includes 

(a) a chain of not less than 3 carbon atoms, (b) 
an atom of mercury attached to the terminal carbon 
of this chain and (c) some hydrophilic group not 
less than three carbons distant from the mercury. 
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Probably other structures are compatible with di- 
uretic activity ; however, many are not. 
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THE EFFECTS OF PHARMACOLOGIC AGENTS ON THE PULMO- 
NARY CIRCULATION IN THE DOG. STUDIES ON EPINEPH- 


RINE, NOR-EPINEPHRINE, 5-HYDROXYTRYPTAMINE, 
ACETYLCHOLINE, HISTAMINE AND 


Despite a large body of literature dealing with 
the subject of drug-induced pulmonary vasomotor 
activity, there are divergent opinions as to the sig- 
nificance of such effects. While most investi- 
gators agree that the tone of the pulmonary vessels 
can be changed by drugs, the physiologic impor- 
tance of such changes has been challenged. 

Some of the existing disagreement is probably 
due to the technical problems of measuring the 
principal variables in pulmonary hemodynamics, 
namely the effective pulmonary artery and left 
atrial pressures, cardiac output and transpulmo- 
nary pressure (i.¢., the pressure difference be- 
tween the alveolar and the pleural surfaces of the 
lung). Further confusion arises from lack of ap- 
preciation of the influence of these variables on 
pulmonary vascular resistance. It is clear from 
the studies of Edwards (1) and others (2, 3) that 
these factors have to be rigidly controlled if one 
is to differentiate direct effects of drugs on the 
lung vessels from secondary mechanical effects. 

In the present study, control of the flow and 
pressures in the pulmonary circulation in the liv- 
ing dog was accomplished by replacing the right 
ventricle with a pump and perfusing each lung 
separately. Blood flow to each lung was meas- 
ured continuously (2). Drugs were administered 
into the pulmonary artery of one lung, while the 
other lung served as a control. 


METHOD 


Sixteen dogs weighing between 14 and 29 kg. were 
anesthetized with either morphine (1.6 mg. per kg.), 

1 Supported by grants from the Life Insurance Medical 
Research Fund, New York, New York, and the National 
Heart Institute, U. S. Public Health Service, Bethesda, 
Maryland. 

2Present address: Chirurgischen Universitats-Klinik, 
Marburg/Lahn, Germany. 

8 Eli Lilly Research Fellow (South Africa). 
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chloralose and urethane (67 and 670 mg. per kg.) or 
Nembutal® (34 mg. per kg.) as initial doses. 

The animals were tracheotomized and a tracheal divider 
cannula was inserted. The lungs were ventilated sepa- 
rately by a pair of Starling pumps which gave constant- 
volume strokes. The chest was opened by sagittal 
sternotomy and the end-expiratory pressure was adjusted 
to 5 cm. H,O in order to limit lung collapse. 

The right ventricle was then replaced by a pump cir- 
cuit and the pulmonary arteries cannulated as described 
in a previous communication (2). The procedure in- 
volved insertion into right atrium and ventricle of an 
outflow tube which drained systemic venous blood into 
a reservoir. From there the blood was pumped through 
flowmeters into the lungs via a pair of cannulae tied into 
the main pulmonary artery and the left pulmonary artery, 
respectively. This procedure was performed without 
interruption of the circulation. Donor blood and dex- 
tran* were used for priming the extracorporeal circuit. 
Mepesulfate 5 was used as an anticoagulant. 

Flow to each lung was measured with a Shipley-Wilson 
rotameter. Pressures in both pulmonary arteries beyond 
the cannulae, in the left atrium, and in the femoral artery 
were measured with electromanometers. The left and 
right airway pressures were measured in some experi- 
ments with inductance manometers. All values were con- 
tinuously recorded on an oscillograph. Vascular pres- 
sures and flows were expressed as mean values (electrically 
integrated). 

Drug injections and infusions usually were administered 
into the right and left pulmonary inflow tubes. Adminis- 
tration at a point proximal to the rotameters ensured ade- 
quate mixing. All drugs were administered at a fixed 
pump output (constant total pulmonary flow). In most 
experiments no attempt was made to prevent recircula- 
tion of the drug. This was done because, while the lung 
receiving the drug obtained a relatively undiluted con- 
centration, any recirculating diluted drug would affect 
both lungs to an equal degree. Further, the reservoir- 
pump system ensured more dilution and longer circula- 
tion time than would occur in the uncannulated animal. 

Unilateral vasomotor activity in this preparation was 


4 Expandex, generously supplied through Commercial 
Solvents Corp., Dr. J. Martin. 

5 Mepesulfate, generously supplied through Hoffman- 
La Roche, Inc., Dr. E. Severinghaus. 
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denoted by a redistribution of the blood flow to the two 
lungs. When this flow redistribution was marked, there 
was a noticeable deviation from each other of the two 
pulmonary artery pressures (measured beyond the can- 
nulae). This pressure deviation was caused by the ap- 
paratus resistances interposed between the pump and the 
two pulmonary arteries. A consequence of this artificial 
pressure deviation was that the actual flow redistribution 
was somewhat less than would have occurred if the 
pressures had remained equal. At a blood flow of 0.5 to 
1.5 L. per min. through each lung the resistances of the 
right and left flowmeter cannula systems were 8 to 10 
cm. H,O per L. per min. and 9.5 to 12.5 cm. H,O per L. 
per min., respectively. 


RESULTS 
Epinephrine and nor-epinephrine ° 


Epinephrine (Suprarenin® Bitartrate, Winthrop- 
Stearns), was rapidly injected into one lung 32 
times in 9 experimental preparations. In thirty 
instances, the injection was followed by a re- 
distribution of the blood flow, the flow decreasing 
in the test lung. This denoted vasoconstriction. 
The flows started to change within 6 seconds after 
the injection, reached their maximum redistribu- 
tion within one-half minute and returned to con- 
trol levels within 2 to 3 minutes. The dosage 
ranged from 0.17 to 6.3 gamma per kg. body 
weight with an average of 2.3 gamma per kg. 
The unilateral flow decrease amounted to 4 to 15 
per cent (average, 8.6 per cent). For reasons 
stated above, the flow redistribution is somewhat 
less than would occur in the absence of the flow 
metering system. The effect of a given dose was 
usually more marked on the left because the con- 
centration obtained was higher in the smaller lung. 
Failure to produce vasoconstriction occurred in 
two instances and was apparently due to inade- 
quate dosage (2 runs, 0.32 and 0.44 gamma per 
kg.), for larger doses produced vasoconstriction 
in the same animals. In different animals there 
was a marked variability in response. 

The effects of epinephrine on pulmonary ar- 
terial, left atrial, and femoral arterial pressures 
and on flow distributions are shown in Table I. 
In spite of the pulmonary vasoconstriction, the 
pulmonary artery pressure fell in 13 instances in 
which left atrial pressure also decreased. Femoral 
artery pressure rose in 31 of 32 runs. Control 


6 Dosage expressed in epinephrine and nor-epinephrine 
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TABLE I 


m/s of e wand ariel injected into one lung, on the blood 
arterial at spoasd (PA) of the same lung and 
essures in left atrium (LA) and femoral artery 
FA) in 9 dogs—Dose range 0.17 to 6.3 gamma 
per kg. body total blood flow 
ld constant 


Change 
Number of 
observations Range 


Mean 


No change 2 
Fall 30 4-15% 8.6% 


0.2-3.2 1.5 
0.3-3.7 1.4 
0.7-3.8 1.3 
0.2-7.2 2.3 


Rise 3-86% 30 
Fall 24% 


o change 
Fall 


o change 
Fall 


femoral artery pressures varied between 70 and 
140 mm, Hg. 

Airway pressure was unchanged by epinephrine 
in 5 dogs in which it was measured. 

Nor-epinephrine (Levophed® Bitartrate, Win- 
throp-Stearns) was administered to 4 animals on 
24 occasions. In 22 instances there was a de- 
crease in blood flow in the lung receiving the 
drug, denoting pulmonary vasoconstriction. The 
dosage varied from 0.17 to 6.3 gamma per kg. 
body weight (average, 2.2 gamma per kg.). The 
per cent decrease of unilateral flow ranged from 3 
to 16 with an average of 7.3 per cent. In two 
instances (in one dog) pulmonary vasoconstric- 


TABLE II 


Effect of nor-epinephrine, injected into one lung, on the 
od and arterial eres (PA) in the same lung 
and on pressures in left atrium (LA) and femoral 
artery (FA) in range 0.17 to 6.3 
gamma loos ste ody weight —The total 
flow ve held constant 


Change 
Range 


Number of 


observations Mean 


No change 2 
Fall 22 3-16% 7.3% 
Rise 11 0.4-2.6 1.7 
No change 1 

Fall 12 0.3-1.4 0.6 


0.5-1.5 1.1 
0.6-6.0 2.8 


6-90% 44% 


Rise 3 
Fall 21 


Rise 24 


|| 
Unilat. 
flow 
PA 17 
cm. H,O 1 
14 
LA 5 
cm. H,O 2 
25 
Unilat. 
flow 
: PA 
cm. H 
LA 
cm. H:O 


TABLE Ill 


Effect of serotonin“infusion into one lung—Total blood 
flow kept constant—Both PA pressures equal 


Max. 


Duration decr. 

Dog No. of (min.) u 

No, Side steps per step gamma/kg./min, flow 
55 Lt. 1 4 20 45 
55 Rt. 1 2.5 20 29 
63 Rt. 5 2 12-33.6 55 
63 Le. 3 2.5 12-33.6 79 
63 Rt. 3 3 12-19.2 47 
63 Rt. 3 2 12-33.6 43 


tion failed to occur after 0.5 gamma per kg.; in 
this experiment vasoconstriction was produced by 
larger doses. The response was rapid. There 
was also a marked variation of responsiveness in 
different animals. 

As with epinephrine administration, the pul- 
monary artery pressure tended to follow left 
atrial pressure change (Table II). In 10 in- 
stances in which left atrial pressure fell, pulmo- 
nary arterial pressure also decreased in spite of 
the pulmonary vasoconstriction. Femoral artery 
pressure rose by an average of 44 per cent (range, 
6 to 90 per cent) from control values of 70 to 122 


mm. Hg. 


5-Hydroxytryptamine 


5-Hydroxytryptamine (Serotonin Creatinin Sul- 
fate—Sandoz)* was administered into one pul- 
monary artery in 5 dogs. There were 2 injections 
(2.3 and 4.5 gamma per kg. body weight) and 11 
infusions (2.3 to 33.6 gamma per kg. body weight 
per min.). In five of the infusions the dosage was 
increased in steps. 

All doses resulted in marked pulmonary vaso- 
constriction in the lung receiving the drug, de- 
noted by large redistribution of blood flow and a 
marked rise in both pulmonary artery pressures. 
There was also a noticeable discrepancy between 
the right and left pulmonary artery pressures, as 
explained under methods. In 2 animals the pul- 
monary artery pressures were made equal at the 
height of the response by constricting the respec- 
tive pulmonary inflow tubes; the resulting de- 
crease in blood flow on the side receiving the in- 
fusion is shown in Table III. One of these ex- 
periments is illustrated in Figure 1. 


7 Dosage expressed as Serotinin creatinin sulfate. 
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The onset of pulmonary vasoconstriction oc- 
curred within a few seconds at any given dose. 
The duration of action after stopping the infusions 
varied between 5 and 15 minutes, depending on 
the dosage and the duration of infusion. Pul- 
monary artery pressures increased in all runs, ir- 
respective of coincident changes in left atrial pres- 
sure. Left atrial pressure followed directionally 
the changes in femoral artery pressure. 

Mean femoral artery pressure did not behave 
in a consistent pattern. It usually was unchanged 
unless very high doses were administered when 
it showed large fluctuations around the control 
value. No bronchoconstriction was produced in 
these experiments. 


Acetylcholine and Histamine 


Acetylcholine, given as an aerosol into one lung, 
produced an increase in airway pressure. Since 
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the lung was ventilated by a constant-volume 
pump, this was presumably due to bronchocon- 
striction. The increase of airway pressure re- 
sulted in a decrease of blood flow through the 
lung under study with a corresponding increase in 
flow on the other side. In these experiments the 
inspiratory airway pressure rose 4 to 10 cm. H,O 
and the flow in the tested lung decreased 10 to 20 
per cent. 

Acetylcholine and histamine also produced a 
rise in airway pressure when administered into 
the pulmonary artery. Experiments were there- 
fore performed in which drugs were given to 
the collapsed or air-free lung. A lung was made 
air free by ventilating the dog with pure oxygen 
and then allowing the gas to be absorbed from the 
collapsed lung. Induced bronchoconstriction then 
had no effect on intra-alveolar pressure. 

Acetylcholine was injected into the artery of the 
non-ventilated lung of 6 animals in 11 instances. 
The dose range (3 to 9.1 gamma per kg. body 
weight) was sufficient to reduce systemic blood 
pressure by 40 to 80 per cent. In two animals 
pulmonary vasoconstriction occurred; in one ani- 
mal there was vasoconstriction followed by pro- 
longed vasodilation, and in two there was vaso- 
dilation only. There was no effect in one animal. 
The vasomotor changes always were of small 
magnitude. The pulmonary artery pressure usu- 
ally rose at first together with left atrial pressure 
and fell subsequently as left atrial pressure de- 
creased. These pressure changes occurred 
whether there was pulmonary vasomotor reaction 
or not. See Figure 2. 

Histamine was administered into the artery of 
the non-ventilated lung of 4 animals in 8 instances. 
There were 6 infusions (3 to 11 gamma per kg. 
body weight per min.) and 2 injections (4.3 to 20 
gamma per kg.). Femoral artery pressure was 
reduced substantially in each run. Pulmonary 
vasoconstriction of small magnitude was observed 
in 3 animals. The changes in pulmonary artery 
pressure again reflected the changes in left atrial 
pressure. 


Aminophylline 


Aminophylline was injected in doses ranging 
from 2.2 to 24 mg. per kg. body weight to 5 
animals in 8 instances. Pulmonary vasodilation 
was produced in 3 instances in 2 animals (dosage, 
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Total pulmonary flow was held constant; there was no 
change of left pulmonary flow, indicating no pulmonary 
vasomotion. Note the changes in pulmonary vascular 
pressures (PA and LA) and left pulmonary vascular 
resistance in spite of the absence of pulmonary vasomotion 


and flow change. 


2.4 to 2.9 mg. per kg. body weight, unilateral in- 
crease of flow, 7 to 14 per cent). In each run, 
systemic blood pressure and left atrial pressure 
were reduced substantially. Pulmonary artery 
pressure fell concomitantly with left atrial pres- 
sure. 

DISCUSSION 


Sharpey Schafer and Lim (4) and Friedberg, 
Katz, and Steinitz (5) have drawn attention to 
the complex factors which determine the response 
of the lesser circulation to drugs. In addition to 
direct effects on the tone of the pulmonary ves- 
sels, there are secondary mechanical changes of 
pulmonary vascular geometry and resistance due 
to changes in cardiac output, left atrial pressure, 
and transpulmonary pressure. The qualitative 
and quantitative effects of these factors on pul- 
monary vascular resistance have been studied 


separately (2, 3, 6). 
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The preparation used for these experiments fa- 
cilitates the evaluation of pulmonary vasomotor 
tone changes. The drug is injected into one lung 
while the other lung is used as the control. Re- 
distribution of flow is used as the criterion for 
vasomotor activity instead of changes in pul- 
monary arterial pressure and resistance. Altera- 
tions of vascular resistance due to changes of pul- 
monary vasomotor tone can be differentiated from 
changes of resistance due to left atrial pressure 
variation, since the latter pressure influences both 
pulmonary vascular beds. Alterations of pulmo- 
nary vascular resistance due to changes in trans- 
pulmonary pressure can be avoided. A compar- 
ison of pulmonary and peripheral vascular effects 
is also possible. 


Vasomotor changes 


Epinephrine and nor-epinephrine were found 
to have a consistent but moderate vasoconstrictor 
effect. A comparison of the pulmonary and sys- 
temic actions of these drugs gives an indication 
of the probable physiologic importance of their 
pulmonary vasomotor effects. Whereas the fem- 


oral artery pressure responses to both drugs were 
marked, the changes in pulmonary arterial pres- 
sure were of only the same magnitude as those 
of the left atrial pressure. The blood flow redis- 
tribution in the two lungs was relatively small 
even with the large doses used. A marked cardiac 
inotropic effect is produced by less than 1 gamma 
per kg. of these drugs (7). It is concluded that 
the action of these drugs on pulmonary vascular 
tone is of small magnitude and of minor hemo- 
dynamic importance. Results in agreement with 
these were obtained by Edwards (1) and Rose, 
Freis, Hufnagel, and Massullo (8) in experi- 
ments in which flow and pulmonary venous pres- 
sures were controlled. 

On the other hand, serotonin is a potent pul- 
monary vasoconstrictor agent, as is suggested by 
other studies (9, 10). The systemic circulation 
was affected only when large doses of serotonin 
were infused, or when serotonin was administered 
intra-arterially. Marked pulmonary vasoconstric- 
tion with, indeed, systemic vasodilation was 
found also by Rudolph and Paul (11). The 
prominent pulmonary effect of serotonin is of in- 
terest in view of the fact that it is liberated when 
intravascular clotting occurs and thus may play 


a role in the vascular response to pulmonary em- 
bolism. 

The lack of consistent pulmonary vasodilation 
with drugs like acetylcholine and Aminophylline 
may be due to the fact that the “control” tone of 
the pulmonary vascular bed was low. Apparently 
these drugs may cause a marked vasodilation in 
patients with increased pulmonary vascular tone 
(12, 13). 


Changes in pulmonary vascular resistance due to 
changes in left atrial pressure 


Left atrial pressure (left ventricular filling pres- 
sure) may be altered by drugs in two ways in this 
preparation in which the ventricular output is 
kept constant. A positive inotropic drug will 
lower the left atrial pressure; a negative inotropic 
drug will raise it. On the other hand, systemic 
vasomotor action of a drug will alter the work load 
of the left ventricle and thereby influence the left 
atrial pressure (14). When a drug has, for in- 
stance, a positive inotropic effect and a peripheral 
vasoconstrictor effect, the directional change in 
left atrial pressure will depend on the balance of 
these two factors; this often varies with the dose 
of the drug. 

The predominance of inotropic effects or pe- 
ripheral effects of a substance cannot be predicted 
quantitatively and therefore left atrial pressure 
must be measured simultaneously with pulmo- 
nary artery pressure in order to differentiate 
passive mechanical changes from active vasomotor 
changes. In the intact circulation, the significance 
of any recorded pulmonary artery pressure change 
may be further obscured by simultaneous changes 
of cardiac output. These facts make the results of 
a large number of previous investigations difficult 
or impossible to interpret. 

It is important to recall that when left atrial 
pressure is raised, at a constant flow, pulmonary 
artery pressure does not rise proportionately 
(Figure 2). Equal rises in both pressures oc- 
cur only at high degrees of pulmonary vascular 
distension, when resistance does not decrease any 
further (2,3). For this reason the measurement 
of the pressure drop from the pulmonary artery 
to the left atrium alone (15) is not sufficient for 
assessing active pulmonary vasomotion. 

Pulmonary vascular resistance, i.¢., the pressure 
drop from the pulmonary artery to the left atrium 
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divided by flow rate is inversely related to the 
fourth power of the radii of all vessels contributing 
to resistance. It has been shown that in the highly 
distensible pulmonary vascular bed small changes 
of the distending pressures (both the pulmonary 
arterial and left atrial pressures) can produce 
large changes in resistance (2, 3). When left 
atrial pressure rises or flow increases, resistance 
falls. 

The changes in pulmonary resistance produced 
by substances which affect predominantly the 
heart and systemic circulation frequently reflect 
the mechanical behavior of the lung vessels rather 
than active pulmonary vasomotion (Figure 2). 
On the other hand, the pulmonary resistance 
changes induced by serotonin, for example, are 
due to active pulmonary vasomotion rather than 
indirect mechanical effects. 


Effect of airway pressure 


The caliber of vessels which contribute to pul- 
monary vascular resistance is affected by changes 
in transpulmonary pressure, 1.e., the pressure dif- 
ference between the alveolar and pleural surfaces 
of the lung. When flow is kept constant, resist- 
ance to flow rises when the lung is inflated (6). 
It is thought that the capillaries are compressed by 
inflation of the lung. 

In these experiments, histamine and acetyl- 
choline both increased transpulmonary pressure 
by way of bronchoconstriction and when this was 
marked, resistance to flow increased. Similar 
conclusions could be drawn from the findings of 
Field and Drinker (16), von Euler (17) and 
Miller, Salomon, and Zuelzer (18). When the 
effects of bronchoconstriction on the transpul- 
monary pressure had been abolished by collapsing 
the lung, a consistent vasoconstrictor response to 
these drugs could not be demonstrated. It is 
necessary, therefore, to consider a possible change 
in transpulmonary pressure when pulmonary vas- 
omotion is being investigated. 


SUMMARY 


1. A preparation was used which permitted the 
differentiation of active pulmonary vasomotor re- 
sponses from secondary mechanical changes in the 
lung vessels. Unilateral pharmacologically in- 
duced pulmonary vasomotion was studied with a 
number of drugs. 
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2. Epinephrine, nor-epinephrine and 5-hydroxy- 
tryptamine produced consistent pulmonary vaso- 
constriction. Of the drugs studied, 5-hydroxy- 
tryptamine had the most marked pulmonary vaso- 
motor effect. 

3. Acetylcholine and histamine increased trans- 
pulmonary pressure. When this effect was pre- 
vented, inconsistent pulmonary vasomotor effects 
of small magnitude were found. 

4. Aminophylline produced pulmonary vaso- 
dilation in some animals while it had no effect in 
others. 

5. The prerequisites for the assessment of active 
pulmonary vasomotor changes in the lungs have 
been discussed. 
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This study demonstrates that the density of 
human erythrocytes increases with age and that 
cell populations with different mean ages can be 
isolated on the basis of this density gradient. The 
data suggest that the concentration of Fe°® in the 
bottom layer of centrifuged erythrocyte specimens 
may be used to estimate the mean life span of 
ageing cells. 


METHODS 


Six to ten microcuries of Fe® were administered intra- 
venously to eight hematologically normal subjects who 
had various chronic diseases (Table I). Five of the 
subjects received Fe” iron globulin complex 1 and three 
received Fe™ ferrous citrate1 that had been incubated 
with the subject’s plasma or whole blood before injection. 
Specific activity of both preparations was 0.5 to 1.5 mC. 
per mgm. at the time of administration. One subject 
(C.A.) 2 also received 100 wC. of Cr™ (1). 

Twenty ml. heparinized blood specimens were drawn 
at the intervals indicated in Figure 1 and centrifuged in 
10-ml. plastic tubes for 40 minutes at 3,000 RPM (ap- 
proximately 2,000 G.). The tubes were placed in an 
alcohol-dry ice freezing mixture for a few minutes and 
were then cut 1 to 2 mm. below the plasma-erythrocyte 
interface. The bottom portions containing the frozen 
erythrocytes were cut into four equal sections. The 
radioactivity of thawed aliquots from each section was 
measured in a well-type scintillation counter with a TI- 
activated Nal crystal and expressed as counts per second 
per ml. of erythrocytes. The. Fe® and Cr™ activity in 
specimens from C.A. were measured separately by dif- 
ferential pulse height analysis (1). Correction for iso- 
tope decay was based on the radioactivity of standards 
which were prepared from the injected material and 
counted with each blood specimen. The standard error 
of the counting procedure was less than +2 per cent for 
most specimens and less than +4 per cent for the low 
activity specimens. 


iron “IV-7 globulin” complex and ferrous 
citrate were obtained from Abbott Laboratories, Chicago, 
Illinois. 

2 Subject C. A. and a patient with non-spherocytic he- 
molytic anemia were studied in co-operation with Dr. I. 
M. Weinstein. Data from this and other patients with 
hematologica! abnormalities will be reported separately. 


The proportion of erythrocytes discarded with the 
plasma (8+2 per cent) * was calculated from the total 
hemoglobin in plasma and erythrocyte sections of four- 
teen specimens. 

Fe™ activity in unseparated whole blood erythrocytes 
was determined in twenty specimens from five subjects 
by counting aliquots of whole blood and dividing by the 
aliquot volume and hematocrit. 


RESULTS 


Fe®® concentration was highest in the top layer 
and lowest in the bottom layer of erythrocyte 
specimens drawn during the first 15 days after ad- 
ministration of the isotope. The concentration de- 
creased in the top layer and increased in the bot- 
tom layer of specimens drawn between the 15th 
and 90th days, and this trend reversed between the 
90th and 150th days (Figure 1). The extremes of 
individual variation are illustrated by subjects S.I. 
and R.I. The systematic nature of the changes 


TABLE I 
Clinical data 

Subject Sex Age Clinical diagnosis 

Ce F 54 Hypertensive cardiovascular 
disease. Cerebral vascular 
accident. 

om M 66 Hypertensive cardiovascular 
disease. Cerebral arterio- 
sclerosis. 

a M 64 Stasis dermatitis. Arterio- 
sclerotic heart disease. 

A. R. M 56 Arteriosclerotic heart disease. 
Osteoarthritis of the spine. 

G. E. M 62 Rheumatic heart disease. 

B. U. M 59 Hypertensive cardiovascular 


disease. Arteriolar nephro- 
sclerosis. Cerebral vascular 
accident. 

Peripheral neuritis. Cerebellar 
degeneration. Duodenal 
ulcer. 

Hypertensive cardiovascular 
disease. Cerebral vascular 
accident. 


M_ 58 


8 Data reported in this manner represent the mean and 
standard deviation. 
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Fic. 1. Tue Fe™ ConcentTraTION IN THE Top AND Bottom Layers or ErytTHrocyTes From CENTRIFUGED BLoop 
Spectmens Piotrep AGAINST In Days AFTER ADMINISTRATION OF THE IsOTOPE 


The mean Fe™ concentration in the four layers of erythrocytes is also plotted against time. 


in isotope distribution with time is demonstrated 
in the logarithmic graph of the ratio 
Top layer 
Bottom layer Fe** 


(Figure 2). This ratio decreased progressively 
during the first 80 to 130 days and then increased 
to a second maximum slightly greater than unity 
after 130 days. 

In almost all specimens the Fe concentration 
in the middle layers was intermediate between that 


in the top and bottom. However, the concentra- 
tion was slightly higher in the middle layer than 
in either the top or bottom of specimens from 
three subjects drawn between the 40th and 55th 


. Top layer Fe*® 
Gaya, ratio Bottom layer Fe** 
unity. 


The mean Fe concentration in the separated 
erythrocyte layers approximated the concentration 
in the unseparated whole blood erythrocytes of the 
same specimens, except in the initial specimens 


was near 
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where a significant proportion of the isotope was 
in cells discarded with the plasma. The ratio be- 
tween mean concentration in erythrocyte layers 
and concentration in unseparated whole blood 
erythrocytes was 0.82 + 0.06 in five of the initial 
specimens and was 1.00 + 0.06 in ten specimens 
drawn between the 20th and 41st days. 

The mid-point of the isotope appearance curve 
was 4 to 6 days when calculated by extrapolation 
from the mean Fe** concentration in the separated 
layers, and was 4 days when calculated from the 
concentration in whole blood specimens of five 
subjects. 


DISCUSSION 


Previous investigators have shown that Fe*® 
incorporation is limited to immature cells of the 
erythrocyte series (2, 3) and that Fe tagged cells 
which appear in the circulation during the first 
five days after administration of the isotope to 
humans or rats have a relatively low density 
(4-6). Since there is probably no significant iron 
exchange in mature erythrocytes (7,.8), the 
change in relative density of Fe®® tagged cells may 
be followed throughout their life span. 
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This study confirms the fact that Fe*® tagged 
cells have a relatively low density when they first 
appear in the circulation. The increasing propor- 
tion of Fe®® in the bottom layer of centrifuged 
specimens drawn during the second half of their 
expected life span (9, 10) suggests that their 
relative density increases progressively with age 
but there is considerable individual variation in 
the magnitude of this change.* Several investi- 
gators have utilized the relatively low density of 
reticulocytes to obtain concentrated specimens of 
these young cells (11-15). The present data in- 
dicate that the density gradient can be used to 
separate populations of mature cells with dif- 
ferent mean ages from single specimens of nor- 
mal human erythrocytes. 

The decrease in Fe*® concentration in the bot- 
tom layer of specimens drawn 90 to 150 days 
after administration of the isotope is consistent 
with the expected time for the disappearance of 
senescent cells (9, 10). Since this decrease is 
followed by a period of relatively slight change 
when Fe’ concentration in the bottom layer is 
similar to that in the top layer, the mid-point of 
this decrease may be used to estimate the mean 
survival time (5) of tagged cells in the bottom 
layer. As the survival time of senescent cells is 
equivalent to potential life span (10), and senes- 
cent tagged cells are apparently concentrated in 
the bottom layer, an estimate of mean survival 
time of the cells in this layer may be considered an 
approximation of mean potential life span. The 
mean “potential” life span thus calculated from 
the mid-point of the original isotope appearance 
curve to the mid-point of the decrease in isotope 
concentration in the bottom layer was 103, 119, 
and 134 days, respectively, in subjects O.C., G.E., 
and S.I. One patient with non-spherocytic hemo- 
lytic anemia had a shortened “potential” life span 
of 52 days as well as a shortened Cr** half-life 
survival time of 16 days.? 


* Individual variations may be related to the magnitude 


of the gradient in density between cell populations of 
different ages or to other physical factors influencing 
their relative separability by centrifugation. Data from 
unpublished experiments demonstrate that the difference 
in density between the top and bottom layers of erythro- 
cytes separated by this method is 83+6.2 gm. per L. 
(S.E. 0.92 gm. per L.; p< 0.001). Density was cal- 
culated from the weight of known volumes corrected for 
measured trapped plasma. 
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SUMMARY 


1. The distribution of Fe® in the top, middle, 
and bottom layers of centrifuged erythrocyte 
specimens was determined at intervals after in- 
travenous administration of the isotope to eight 
hematologically normal subjects. 

2. The Fe concentration was highest initially 
in the top layer, increased in the bottom layer be- 
tween the 15th and 90th day after administration 
of the isotope, and then decreased in the bottom 
layer after the 90th day. 

3. The data indicate that the top, middle, and 
bottom layers of centrifuged erythrocytes have 
young, intermediate, and old. mean cell ages, re- 
spectively. 

4. A simple method was suggested for esti- 
mating the mean life span of ageing erythrocytes 
from the changes in Fe*® distribution. 


Addendum 


The mean “potential” erythrocyte life span, calculated 
as described above, was 115, 115, and 120 days, respec- 
tively, in subjects C.A., C.E., and a previously unreported 
hematologically normal subject. The mean value for six 
hematologically normal subjects is 118 + 10 days. 
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Preliminary reports were recently published 
from this laboratory on the metabolism of intra- 
venously administered radiostrontium and on the 
effect of calcium upon strontium excretion in man 
(1, 2). The absorption, the digestive juice ex- 
cretion and tissue retention have been studied fol- 
lowing the oral and intravenous administration of 
Sr®. Furthermore, the metabolism of orally ad- 
ministered radiostrontium has been compared 
with that of radiocalcium in the same patients 
(3, 4). These data form the basis of this com- 
munication. 


MATERIALS AND METHODS 


The six patients listed in Table I were studied on the 
Metabolic Research Ward. They were maintained on a 
controlled, analyzed, low calcium diet containing approxi- 
mately 150 mg. calcium and 600 mg. phosphorus per day 
(5). Patient 4 received 520 mg. calcium as daily sup- 
plement in the form of calcium gluconate. The diet as 
well as the excreta were analyzed for nitrogen, calcium 
and phosphorus and the metabolic balances of these 
constituents were determined on six-day metabolic pools. 
The urinary calcium was determined daily, the serum 
calcium once weekly. At the start of each study the 
patients received at 8:30 a.m. a tracer dose (0.1 to 0.4 
uc. per kg.) ¢ of Sr®™ as the chloride. The radioactive 
solution was administered orally with breakfast to insure 
proper mixing of the isotope with the food. At the 
conclusion of these studies which lasted 12 to 40 days 
a second tracer of Sr* was administered intravenously 
to four of these patients in the fasting state. Sr® chloride 
(0.1 to 0.4 we. per kg.) was injected rapidly into the 
clamped distal portion of the tubing of an intravenous in- 


1 This study was supported by the U. S. Atomic Energy 
Commission, Contract AT (30-1)-1763, by grants from 
the National Cancer Institute (C-1540) and National In- 
stitute of Arthritis and Metabolic Diseases (A-855), Na- 
tional Institutes of Health, United States Public Health 
Service. 

2 Presented at the 76th Meeting of the American Physi- 
ological Saciety, Federation of American Societies for 
Experimental Biology, Atlantic City, April, 1956. 

8 Trainee, National Cancer Institute. 

*A higher tracer dose was given to the first two pa- 
tients of this study (Patients 5 and 6, Table I), to insure 
sufficient counting accuracy of the specimens for approxi- 
mately 40 days. 


fusion set. After completion of the injection the clamp 
was released and the isotope solution was flushed rapidly 
into the vein with the infusion fluid of 5 per cent glucose 
in water. The intravenous studies lasted 14 to 16 days. 

Sr® is a carrier-free isotope® produced by bombard- 
ment of rubidium™. It is a pure y-emitter, its energy 
is 0.51 mev. and its half-life is 65 days. The radio- 
activity of duplicate samples of plasma, urine and stool 
was measured in a well-type scintillation counter. The 
stability of the counting arrangement was checked daily 
against a uranium standard. The statistical counting 
error varied: in the initial phases of the experiment suffi- 
cient counts were taken to keep the probable error within 
2 per cent. In later phases, counting rates were lower, 
and it was not feasible to maintain this precision, so that 
counting errors as high as 5 per cent were incurred. 
Standards were prepared for each patient at the time of 
administration of the isotope by delivering the same dose 
into a volumetric flask; appropriate dilutions were then 
prepared for counting. The standards were counted along 
with each set of experimental samples, thereby correcting 
for the decay of the isotope. 

The radioactivity was determined on 2 to 5 ml. of 
plasma obtained 5, 15 and 30 minutes and 1, 4, 8 and 24 
hours after the ingestion or injection of the isotope. 
Thereafter, plasma was obtained every morning in the 
post-absorptive state during the first week of each study 
and 2 to 3 times per week thereafter. The plasma radio- 
activity was calculated for the total plasma volume which 
was determined for each patient using T-1824 dye (6). 
The urinary output was separated on the day of the 
isotope administration in fractions at 1, 4, 8 and 24 hours. 
On the subsequent days, the 24-hour urine output was 
collected. Aliquots of 2 to 5 ml. of urine were used for 
radio-assays. Each stool specimen was collected sepa- 
rately, water was added to obtain a homogeneous mixture 
in a Waring blendor. Lhe weight of the homogenate 
was determined and aliquots of 4 to 5 gm. were assayed 
in the scintillation counter. Multiple analyses of such 
aliquots indicated homogeneous distribution of the isotope. 
Since the radioactivity of the stool specimens was high 
after the ingestion of the tracer, these specimens were 
counted in a bismuth cathode y-counter. The radio- 
activity was determined on the total stool homogenate 
and on several water rinses of the Waring blendor using 
Marinelli beakers. 

Two patients (2 and 6, Table I) also received an oral 
tracer of Ca“ prior to the administration of oral Sr®*. 
Radiocalcium was administered orally as the chloride 


5 Produced by the Nuclear Science and Engineering 
Corporation, Pittsburgh, Pa. 
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STRONTIUM® AND CALCIUM* METABOLISM IN MAN 


TABLE I 
Patients receiving Sr®® orally and intravenously 


Patient Route of 
number Age Sex Diagnosis administration 


Carcinoma of lung. No Oral 13 
bone metastases. Par- Intravenous 15 
tial immobilization. 
Carcinoma of uterus ; lym- Oral 12 


Ihoma ; osteoporosis. Intravenous 14 
o bone metastases. 


Oral 
Intravenous 16 


Oral 
Intravenous 14 


Oral 


Senile osteoporosis 


Paget’s disease of bone 


Carcinoma of breast. 
Bone metastases. 


Carcinoma of larynx. No Oral 40 
bone metastases. 


in isotonic saline with breakfast. The plasma levels, Radioactivity was detected within 5 minutes in 
urinary and fecal excretions of Ca“ were followed in a the plasma of B.L. and within 15 minutes of S.M. 
manner similar to that outlined for Sr®. The data on The Srss plasma level increased gradually, was 
“ were highest 4 hours after ingestion of the tracer and 

ques employed’ were declined thereafter. The rate of urinary excre- 


sroviously gecbllehyrs 15 P?- tion of Sr* at 1, 4, 8 and 24 hours as well as the 
cumulative urinary strontium excretions are listed 
RESULTS in Table II. The highest rate of Sr®* excretion 


The metabolism of an intravenously adminis- per hour, 0.24 per cent of the dose, was noted 
tered dose of Sr** (plasma levels, urinary and between the 2nd and 4th hour in S.M. while it 
fecal excretions) was described in a previous pub- occurred between the 8th and 24th hour in B.L. 
lication (2). at a level of 0.044 per cent of the dose. The cumu- 

The plasma levels and urinary Sr®* excretions lative urinary Sr** excretion in the first 24 hours 
of two patients in the 24 hours following the oral was 2.42 per cent and 0.90 per cent for the two 
administration of the tracer are listed in Table II. patients, respectively. 


TABLE II 
Sr®5 in plasma and urine following the ingestion of the tracer 


B. L. Patient 6 
% dose 


Urine Urine 
Time interval after 
ingestion of Sr8® Plasma* Rate/hour Cumulative Plasma* Rate/hour Cumulative 


S. M., Patient 5 
Sr®5, % dose 


0 0.035 

0.036 0.041 

0.081 0.18 

0.48 0.04 0.04 0.28 0.002 0.002 
1.67 0.19 0.23 0.77 0.014 0.016 
1.85 0.24 0.70 1.60 0.029 0.074 
1.26 0.11 1.13 1.16 0.030 0.194 
0.80 0.08 2.42 0.74 0.044 0.904 


* Calculated per total plasma volume. The plasma samples were obtained at the end of the indicated time intervals. 
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METABOLISM OF AN ORAL TRACER OF Sr®5 


Plasma Levels, Rate of Excretions, 
Cumulative Excretions and 
Tissue Retention of 


06 


S 


Rote of Sr®° Excretion/24 Hours, % Dose 
hy 


% Dose Remaining/Total Plasma Volume 


S.M.9 55 


PLASMA 
URINE 


= 


18 
DAYS 


24 


Fic. 1. Rates or UrntnARY AND Fecat Sr™® Excretion per Day ror Six-Day METABOLIC 
Periop PLoTTeD AT THE Mip-PoINnt 


One and six hundredths per cent Sr® was excreted in the urine in the first six days of 


the study. 


Figure 1 illustrates the metabolism of an orally 
administered tracer dose of Sr** over a period of 
39 days (Patient 5, Tables I and II). The plasma 
levels and rate of urinary Sr*®* excretions declined 
after the fourth hour with time. The stool radio- 
activity was initially very high due to the presence 
of the unabsorbed dose; 70.7 per cent of the dose 
was contained in the stool by the fourth day of the 
study ; a total of 71.2 per cent was excreted in six 
days. These values were too high to be included 
in the figure. After the passage of the unabsorbed 
fraction of the dose, the stool radioactivity de- 
clined gradually, The rate of urinary Sr* excre- 
tion remained higher than the plasma level 
throughout the entire study. The bar-graph 
shows the total excretion and tissue retention by 
39 days of the study: 72.7 per cent of the dose 


passed in the stool, 9.5 per cent in the urine. Less 
than 0.02 per cent remained in the plasma so that 
only approximately 18 per cent of the dose was 
retained in the tissues, in contrast to the much 
higher retention following the intravenous tracer 
(2). 

The results of a 12-day study of 4 patients who 
received Sr®* orally and intravenously are listed 
in Table III. The urinary excretion differed 
greatly from patient to patient and ranged from 
57.2 to 14.2 per cent of the administered dose after 
the intravenous injection of the tracer. The ex- 
cretion was lowest in Patient 4 who had Paget’s 
disease of the bone. The Sr®* content of the stool 
also varied but to a lesser extent, from 14.2 to 6.5 
per cent and was lowest in the patient with Paget’s 
disease. The total excretions of Sr® in urine 
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and stool in 12 days and the percentage of the 
administered dose retained in the body are listed 
for each patient in the respective columns. The 
lower half of Table III lists the results obtained 
in the same patients following the oral administra- 
tion of Sr**, The cumulative urinary excretions 
in 12 days were much lower than following the 
intravenous dose, the lowest, 2.9 per cent, was 
again noted in Patient 4. An average of 80 per 
cent of the dose (78.3 to 82.5 per cent) was con- 
tained in the stool. Due to the high strontium 
content of the stool, the total Sr®* excretion was 
higher and the remaining tissue retention consid- 
erably lower after the oral than the intravenously 
administered tracer dose. Approximately four to 
six times as much Sr** was retained after the 
intravenous than after the oral dose. The first 
patient retained only 6.2 per cent of the oral dose 
after 12 days. 


Calculation of endogenous fecal strontium 


Following the intravenous dose, the stool radio- 
activity is of endogenous origin, #.e., Sr®* excreted 
with the digestive juices into the gastrointestinal 
tract minus the fraction which is reabsorbed. 
However, following the oral dose, the radioac- 
tivity of the stool is of exogenous and of endo- 
genous origin, the former being the unabsorbed 
Sr®*. Knowing the endogenous fecal strontium 
from the intravenous dose, the exogenous or un- 
absorbed fraction of the total stool radioactivity 
following the oral dose can be calculated. In this 
calculation it is assumed that the pattern of excre- 
tion of strontium with the digestive juices is the 
same whether the tracer is injected intravenously 
or absorbed from the gastrointestinal tract. The 
validity of this assumption has been proven for 
radiocalcium in studies performed on animals (9, 
10) and in man (11). 

Example. Twelve and seven tenths per cent of 
the intravenously administered dose of Sr®* was 
excreted in the stool of Patient 2 (Table III) 1.e., 
endogenous fecal strontium. Let x be the per- 
centage of the oral dose which was absorbed and 
y the remainder which passes unabsorbed. Fol- 
lowing the oral dose the total stool strontium of 
this patient was 82.5 per cent, consisting of this 
unabsorbed fraction y plus the endogenous fecal 
strontium which is 12.7 per cent of the absorbed 
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TABLE II 


EXCRETION AND RETENTION OF 12 DAYS 
FOLLOWING AN I. AND ORAL TRACER DOSE 


INTRAVENOUS 
Sr95,% OF ADMINISTERED DOSE 
CASE! | GASE 2 | GASES | CASE 4 

URINE 572 35.3 WE 14.2 
STOOL 104 127 142 65 
TOTAL EXCRETION 676 | 480 458 207 
RETAINED 324 520 542 79.3 

ORAL 
URINE 148 88 84 29 
STOOL 790 62.5 78.3 aS 
TOTAL EXCRETION | 938 WS 867 844 
RETAINED 62 87 133 156 


fraction x, or 0.127 x. Therefore, 


x+y = 100% 

0.127x + y = 82.5 

x= 20 

y= 80 
It follows that of the 82.5 per cent radioactivity 
contained in the stool 80 per cent is the unab- 
sorbed tracer while the endogenous fecal strontium 
is 2.5 per cent, and 20 per cent is the absorbed 
dose. The other three patients absorbed 23.4, 
25.4, and 19.8 per cent of the administered dose, 
respectively. 

The endogenous fecal strontium of the 4 pa- 
tients ranged from 1.3 to 3.5 per cent (Table IV). 
The lowest value was obtained in the patient with 
Paget’s disease of the bone. 


Therefore 


Comparison of the metabolism of intravenously 
and orally administered Sr** 


The data are summarized for 12 days and are 
listed in Table IV. As shown in Column 2, 25.4 
to 19.8 per cent of the oral dose was absorbed. 
The total excretion—urinary and endogenous fecal 
strontium—ranged from 17.2 to 4.2 per cent 
(Column 3). By expressing these total excre- 
tions in per cent of the absorbed oral dose, the 
figures listed in the left half of Column 4 were ob- 
tained: 74 to 21 per cent of the absorbed oral 
dose was excreted. The good agreement between 
these figures and those obtained following the in- 
travenous dose is evident. However, it should be 
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TABLE IV 


METABOLISM OF ORAL AND INTRAVENOUS Sr®5 
A l2 DAY STUDY 


EXCRETION OF % DOSE Sr®* 


STOOL L 
ENDOGENOUS 


172 


13 


120 


92 


emphasized that the calculation of the endogenous 
fecal strontium following the oral tracer dose is 
based on the assumption that the pattern of ex- 
cretion of strontium with the digestive juices is 
similar following the intravenous or oral ad- 
ministration of the tracer (see above). 


Comparison of calcium and strontium metabolism 


The metabolism of calcium and strontium was 
compared in two patients (2 and 6, Table I). Al- 


@ sToor 
E23 URINE 


- TISSUES 


though the isotopes were not administered simul- 
taneously, the experimental conditions of the 
studies were comparable. Figure 2 illustrates the 
study of one of these patients (Patient 2). The 
plasma level of Ca*® was higher than that of Sr®* 
throughout the study, whereas the urinary ex- 
cretion of Ca*® was lower than that of Sr**. The 
bargraphs illustrate the balance of these two 
tracers in 12 days: considerably less strontium 
than calcium remained in the tissues principally 


PATIENT 1. B. 


URINE sr® 


T 
a 
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due to the higher fecal content and in part due 
to the higher urinary excretion of strontium. 

Table V shows the balances of Sr®* and Ca** of 
a 12-day study. A considerably greater amount 
of strontium than calcium is contained in the 
stool of both patients; the urinary strontium is al- 
most twice as high as the urinary calcium excre- 
tion in I.B. (Patient 2) and slightly higher in 
B.L. (Patient 6). The latter patient retained both 
tracers better than the former. The ratio of 
calcium to strontium retention is approximately 
4:1 and 2.5: 1, respectively. 

The absorption of strontium and calcium of the 
two patients is also compared in this Table. The 
fecal excretions were corrected for endogenous 
fecal strontium and calcium in patient I.B., and 
for endogenous fecal calcium in patient B.L. No 
correction could be made for endogenous fecal 
strontium in this latter patient since he has 
not received Sr®* intravenously. However, the 
marked differences in absorption of the oral 
tracers can be readily seen: the absorption of 
both tracers is better in patient B.L., than in I.B., 
but only approximately half as much strontium as 
calcium is absorbed by each of the patients. Al- 
though less strontium than calcium is absorbed 
from the gastrointestinal tract, more strontium 
than calcium is excreted by the kidney as the 
figures of this Table indicate, the ratios being 4:1 
and 2.5:1 for the two patients. 


DISCUSSION 


The metabolism and skeletal uptake of stron- 
tium in man have received increasing attention in 
recent years for Sr®, a £-emitting isotope with a 
28-year half life is one of the major potential 
hazards of nuclear fission. Because of the radia- 
tion characteristics, Sr®° could not be used for 
clinical investigation. Through the availability of 
Sr®*, a pure y-emitter with a short half life, it be- 
came possible to investigate the metabolism and 
skeletal uptake of radiostrontium in man. Some 
of these results were recently published (1-4). 
The metabolism and skeletal uptake of radiostron- 
tium were extensively studied in various species of 
animals; the isotope was fed or administered 
parenterally to young, adult and pregnant animals 
(12-15), the effect of various diets was investi- 
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TABLE V 


Comparison of strontium and calcium excretions (cumulative) 
and of the absorption of the orally administered 
tracers, Y dose—A 12-day study 


I, B. B. L. 
Sr8s Cats Cats 
Stool 82.51 60.15 70.60 39.45 
Excretions Urine 8.79 4.49 3.82 3.05 
Total 91.30 64.64 7442 42.50 
Retention 8.70 35.36 25.58 57.50 
Absorption 20 43 30 67 
Per cent of ab- 
sorbed dose ex- 
creted in urine 44 10 13 5 


gated upon the metabolism of radioactive stron- 
tium (12, 14, 15) and the uptake in various parts 
of the skeleton was studied by radio-assay and 
autoradiographic techniques (12, 16, 17). Acute 
and chronic toxicity of radiostrontium were in- 
vestigated (18-21). The metabolism and skeletal 
uptake of radioactive calcium and strontium were 
compared (16, 22-24) and the transport of these 
isotopes from maternal blood into the fetus was 
described (15, 22, 23). 

Most of the metabolic data described in the 
experimental section agree well with those ob- 
tained in animals. For instance, the injected 
radiostrontium disappears rapidly from the blood 
stream (13, 15); the ingested tracer can be de- 
tected within a few minutes in the plasma, the 
radioactivity increases gradually, reaches a peak 
by 2 to 4 hours and declines slowly thereafter. 
Similar results were obtained with ingested radio- 
calcium (7, 8, 25). The major pathway of ex- 
cretion of the absorbed radiostrontium is via the 
kidney, irrespective of the route of entry of the 
isotope. The maximum excretion takes place 
within 24 hours of the administration of the tracer 
by either route. The urinary excretion of radio- 
strontium varied from patient to patient. For in- 
stance, it was much higher in a patient who had 
carcinoma of the lung and was partially im- 
mobilized than in one with Paget’s disease of the 
bone. The former excreted an average of 150 mg. 
calcium per 24 hours in the urine whereas the 
latter excreted only 30 mg. calcium per day. Sim- 
ilar observations on the correlation between the 
magnitude of urinary calcium and radiostrontium 
excretions were made on a large number of pa- 
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tients in our laboratory. These data indicate that 
the urinary strontium excretion reflects well the 
metabolic state of the skeleton. The rate of fecal 
losses of strontium via the digestive juice varies 
also but less than the urinary excretion so that the 
ratio of urinary to fecal loss was as high as 6:1 
and as low as 2:1; this was mainly due to the 
differences in the rate of urinary strontium excre- 
tion. Under exceptional conditions such as in 
sprue syndrome or in patients with extensive os- 
teoblastic metastases secondary to cancer of the 
prostate the urinary strontium excretion may be 
so low as to be exceeded by the endogenous fecal 
strontium. 

Following the oral administration of radio- 
strontium the predominance of urinary over fecal 
strontium excretion is masked by the large frac- 
tion of unabsorbed radiostrontium of the stool. 
This predominance becomes apparent only if this 
unabsorbed fraction is subtracted from the total 
stool radioactivity and the endogenous fecal stron- 
tium is calculated. Approximately 80 per cent of 
the oral tracer passes unabsorbed. Comparison of 
the metabolism of ingested and parenterally ad- 
ministered radiostrontium revealed good agree- 
ment of the data. 

Until recently only scanty information was 
available in the literature on the metabolism of 
stable strontium. Harrison, Raymond, and 
Tretheway reported on the study of five volun- 
teers who were given 20 to 250 mg. Sr** by the 
intravenous or oral route (26). These authors 
emphasize the differences between experiments 
performed with carrier amounts of strontium and 
tracer studies and feel that the latter are only of 
value as a means of assessing radiotoxicity. How- 
ever, their data are in good agreement with those 
reported in this communication employing the 
radioactive tracer except that our studies have 
proven that significant amounts of strontium are 
carried with the digestive juices into the gastroin- 
testinal tract. Also, the higher rate of urinary 
strontium excretion in the study of the English in- 
vestigators may in part be due to the unphysiologic 
amounts of carrier strontium administered since 
enhancement of urinary strontium excretion was 
recently reported to occur following the adminis- 
tration of unphysiologic amounts of carrier cal- 
cium (1, 2). Furthermore, the high calcium in- 
take and the high calcium clearance may also 
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have contributed to the high urinary strontium ex- 
cretion of their volunteers. McCance and Wid- 
dowson suggested that strontium behaves physio- 
logically like calcium (27). Shorr and Carter 
studied metabolic balances in patients with osteo- 
porosis receiving varying amounts of calcium and 
strontium supplements orally (28). They found 
that strontium is a valuable adjuvant in the remin- 
eralization of the skeleton of these patients. 
However, no data are available on the direct 
comparison of the metabolism of radiostrontium 
and radiocalcium in man. Studies on the two 
patients reported here who received both tracers 
orally disclosed that major differences do exist. 
Radiocalcium was found to be more efficiently ab- 
sorbed than radiostrontium and, in spite of the 
poor absorption of the latter, its renal clearance 
was significantly higher than that of calcium so 
that the remaining body load of strontium was 
only one-fourth to one-half of that of calcium. 
The data cbtained in humans are in agreement 
with those obtained in animals by Comar, Whit- 
ney, and Lengeman (23) and by Bauer, Carlsson, 
and Lindquist (24). The latter investigators 


report that the body load of Sr®° in rats is sig- 


nificantly lower than of Ca*® due to the higher 
renal clearance, and higher gastrointestinal ex- 
cretion of strontium. However, they claim that 
the skeleton per se cannot differentiate between 
calcium and strontium and the differences in 
skeletal uptake are secondary to the higher renal 
clearance. Harrison, Raymond and Tretheway 
believe that the absorption of calcium from the 
gastrointestinal tract of man is at least twice as 
great as that of strontium (26). 

The studies carried out with radioactive or 
stable strontium indicate that strontium cannot be 
used as an accurate indicator for calcium metab- 
olism. Its possible use as an investigative tool 
in physiologic and pathologic states of the skele- 
ton of man is currently under investigation. 
These data, analyzing plasma disappearance rates, 
renal clearance and digestive juice losses of radio- 
strontium and of radiocalcium will be reported in 
a subsequent communication. Also, balances of 
intake and excretion do not provide information 
on the localization of the retained element. There- 
fore, human tissues obtained at autopsy have been 
radioassayed for calcium and strontium. Some 
of these data have been recently presented (29). 
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SUMMARY 


1. The metabolism of an orally administered 
tracer of radiostrontium was studied in 6 patients 
and compared with that of an intravenous tracer 
in four. The metabolism of an orally administered 
tracer dose of radiocalcium and of radiostrontium 
was studied in two patients. 

2. The main pathway of excretion of Sr® is 
via the kidney irrespective of the route of ad- 
ministration of the isotope and the urinary Sr*®* 
excretion differs in various subjects depending on 
the state of the metabolism of the skeleton. 

3. Another pathway of excretion of strontium is 
the intestinal tract: approximately 10 per cent of 
the absorbed strontium is eliminated via this route, 
i.e., endogenous fecal strontium. 

4. The absorption of ingested radiostrontium 
was determined by subtracting the endogenous 
fecal strontium from the stool radioactivity. Stron- 
tium is poorly absorbed from the gastrointestinal 
tract, an average of 80 per cent of the dose passes 
unabsorbed. 

5. The metabolism of the absorbed fraction of 
the oral dose of Sr®* agreed well with that of the 
intravenous dose. The body load of strontium is 
approximately four to six times higher after the 
intravenous than after the oral dose. 

6. Comparison of the metabolism of oral Sr* 
and Ca*® revealed that calcium is better absorbed 
than strontium while the latter is preferentially 
excreted. For these reasons—poorer absorption 
and preferential excretion—significantly less 
strontium than calcium remains in the human 
body. 
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Studies (1-5) of patients with congestive heart 
failure, decompensated hepatic cirrhosis and ne- 
phrosis have provided evidence of increased 
amounts of aldosterone or aldosterone-like sub- 
stances in urine during edema or ascites forma- 
tion. More recently, it has been demonstrated 
(6) that increased urinary excretion of aldosterone 
occurs in association with sodium retention in 
dogs with right heart failure and in dogs with 
ascites secondary to constriction of the thoracic 
inferior vena cava. The data in both man and dog 
imply that the blood level of aldosterone is ele- 
vated. 

Numerous attempts have been made to eluci- 
date the mechanism regulating aldosterone secre- 
tion in clinical states associated with the forma- 
tion of edema, but no data have been reported to 
show that increased circulating aldosterone results 
from increased secretion rather than from a de- 
creased rate of inactivation. The purpose of this 
study was to determine the relative rates of secre- 
tion of aldosterone in 1) dogs with cardiac failure 
produced by stenosis of the pulmonary artery, 2) 
dogs with thoracic inferior vena cava constriction 
and ascites, and 3) normal dogs. 


METHODS 


Right heart failure was produced in four dogs by con- 
trolled progressive constriction of the main pulmonary 
artery by a method described previously (7). In three 
other animals, ascites formed following constriction of the 
thoracic inferior vena cava. Six normal dogs provided 
the control material. All animals were female mongrel 
dogs weighing 15 to 23 kg. The dogs were fed a syn- 
thetic diet containing 60 mEq. of sodium and 18 mEq. of 
potassium per day with two exceptions; one dog with 
heart failure and one normal dog received 40 mEq. per 
day of sodium and 40 mEq. per day of potassium. At the 
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time adrenal vein blood was obtained, all dogs with heart 
failure or caval constriction had a high venous pressure; 
ascites was present and urinary sodium excretion was 
less than 10 mEq. per day. 

Adrenal vein blood was obtained under two sets of 
circumstances. First, blood was collected with the ani- 
mals under sodium pentobarbital anesthesia; no infusion 
was given during the procedure. In the second group of 
animals, adrenal vein blood was collected with the dogs 
awake. In this group, a local anesthetic (Xylocaine) 
was used for the skin and muscle of the abdominal wall 
but none was injected near the adrenal gland; morphine 
sulfate (5 to 10 mgm.) was given subcutaneously to all 
but one dog in the second group. This series of dogs 
received a blood transfusion at approximately the same 
rate that adrenal venous blood was obtained. Peripheral 
blood was collected from two of the dogs of the second 
group. The peripheral blood was obtained from the dog 
with cardiac failure immediately after collection of 
adrenal vein blood and from the dog with thoracic caval 
constriction on the day before collection of adrenal vein 
blood. 

Adrenal venous blood (300 cc.) was collected by cannu- 
lating the right adrenolumbar vein with a polyethylene 
catheter located peripheral to the point of venous inflow 
from the right adrenal gland. All tributaries to the 
adrenolumbar vein in this region other than the adrenal 
veins were ligated and the adrenolumbar vein was oc- 
cluded at its junction with the inferior vena cava. By this 
procedure, flow of venous blood from the right adrenal 
gland was diverted from its normal pathway into the 
polyethylene catheter. Heparin (40 to 50 mgm.) was in- 
jected intravenously into each animal before collection 
of blood was begun. Flow was measured by collecting 
blood in a graduated cylinder. The cylinder was im- 
mersed in an ice bath and each 25 cc. collection was trans- 
ferred immediately to a flask of acetone surrounded by 
ice. 

The procedure for isolation of aldosterone from adrenal 
venous and peripheral blood is shown in Figure 1. An 
aqueous acetone extract of the blood was concentrated by 
evaporation in an atmosphere of nitrogen and partitioned 
twice between petroleum ether and aqueous 70 per cent 
ethanol. The aqueous ethanol extract was similarly con- 
centrated and then extracted with methylene chloride. 
This methylene chloride extract was concentrated and 
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subjected to column partition chromatography, with 
ethylene glycol as the stationary phase and mixtures of 
methylene chloride and cyclohexane as the mobile phase. 
No attempt was made to remove compound E from the 
aldosterone fraction since compound E does not inter- 
fere with the assay for aldosterone (8) unless the amount 
present far exceeds that found in adrenal vein blood from 
dogs (9). Also, the combination of compound E and 
aldosterone produces less Na retention by assay than does 
aldosterone alone (8). 

The various chromatographic fractions of adrenal vein 
and peripheral blood were assayed in bilaterally adrenal- 
ectomized female dogs according to the assay procedure 
of Liddle, Cornfield, Casper, and Bartter (8) except that 
the crossover design was not employed. The adrenalec- 
tomized dogs were maintained on a diet containing 200 
mEq. per day of sodium and 18 mEq. per day of po- 
tassium; 5 mgm. per day of cortisone acetate were given 
intramuscularly 18 hours before the assay. Sodium- 
retaining and potassium-excreting activity obtained by 
assay was expressed in terms of aldosterone or aldo- 
sterone equivalents which were determined from a dose- 
response curve obtained previously (6). 


RESULTS 


A comparison of the concentration of aldo- 
sterone in peripheral and adrenal vein blood is 
presented in Figure 2. Adrenal vein blood from 
the dog with cardiac failure contained 12.3 wg. in 
300 cc. while blood from the dog with thoracic 
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caval constriction showed 5.0 wg. in 300 cc. No 
aldosterone was detected in the same quantity of 
peripheral blood from either dog. The data dem- 
onstrate that the aldosterone present in adrenal 
venous effluents was secreted aldosterone rather 
than circulating hormone. 

Studies of aldosterone production demonstrated 
a higher rate of secretion in dogs with thoracic 
caval constriction or heart failure than in normal 
dogs (Table I). The initial observations were 
made using sodium pentobarbital anesthesia to ob- 
tain adrenal vein blood. In normal animals, aldo- 
sterone was not detected in 300 cc. of adrenal 
vein blood; the assay values were less than 4.0 
pg. of aldosterone equivalents and were of the 
same order of magnitude for all chromatographic 
fractions. In contrast, aldosterone was present in 
concentrations of 9.0 and 15.3 yg. per 300 cc. of 
adrenal vein blood from the dog with thoracic 
caval constriction and from the dog with heart 
failure. The rates of aldosterone secretion were 
6.0 and 4.9 yg. per hr., respectively, for these two 
animals. 

Observations on aldosterone secretion using 
local anesthesia also showed a higher rate of secre- 
tion in dogs with caval constriction or heart fail- 
ure than in normal dogs (Table 1). In addition, 
the rates of aldosterone production were higher 
during local anesthesia in both normal dogs and 
dogs with heart failure or caval constriction than 
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TABLE I 


Results from assay of chromatographic fractions of adrenal vein blood and measurements of 
pm blood flow, aldosterone secretion and venous pressure 


Aldosterone equivalents ir. ug./300 cc. adrenal vein blood 


Venous 
pressure Fraction II Ill 
Dogs mm. water Compound DOC A 


VI Vil VIII 
Adrenal blood Aldosterone 
IV Aldosterone flow secretion 
B+S vt +E F cc./min, ug./hr. 


During sodium pentobarbital anesthesia 


Thoracic caval 
constriction 


w 
w 


Heart failure 


During local anesthesia 

Normal s * 2.76 
Normal 8.4 2.88 4.8 
Normal 4.8 —— 44 3.55 $2 
Thoracic caval 

constriction 210 * 5.0 6.8 
Thoracic caval 

constriction 150 bd © 37.3 i 2.19 16.4 
Heart failure 240 21.0 = 5.83 24.5 
Heart failure 240 4.7 35.0 * 2.88 20.2 
Heart failure 270 12.3 1.92 4.7 


* Indicates that biological activity by assay was less than 4.0 ug. of aldosterone equivalents per 300 cc. of adrenal 
vein blood; 4.0 ug. ic the smallest amount of activity detectable by this assay 


ure. 
{ yraction V was obtained by using the same mixture of methylene chloride and cyclohexane as for F raction IV. 
Values for venous pressure were obtained at the beginning of the collection of adrenal vein blood. The normal 


range of venous pressure is 35 to 70 mm. water (7). 


during sodium pentobarbital anesthesia. Aldo- 
sterone was found in adrenal vein blood collected 
under local anesthesia from two of three normal 
dogs and the rates of secretion were 3.2 and 4.8 
vg. per hr. No aldosterone was detected in ad- 
renal vein blood from the other normal dog. 
These findings in normal dogs are in contrast with 
the high rates of aldosterone secretion of 6.8 and 
16.4 pg. per hr. for the dogs with caval con- 
striction and of 4.7, 20.2 and 24.5 yg. per hr. for 
the dogs with heart failure. Statistical comparison 
of the rate of aldosterone secretion in 6 normal 
dogs with that in the 7 dogs with either caval 
constriction or heart failure revealed a significant 
difference (T = 3.0; P < 0.02). 

The results from assay of fractions of adrenal 
vein blood other than the aldosterone fraction 
shoved no consistent evidence of activity causing 
sodium retention or increased potassium excretion 
for any fraction. It should be pointed out also 
that three of the four non-aldosterone fractions 
which showed activity were from adrenal vein 
blood from normal dogs. Consequently, the data 


demonstrate that increased biological activity of 
this type in adrenal vein blood from dogs with 
heart failure and from dogs with caval constric- 
tion was limited to the aldosterone fraction. 


DISCUSSION 


As early as 1941, Raab (10) reported that an 
increased blood level of adrenocortical hormones 
occurs in patients with congestive heart failure. 
During the next few years very little considera- 
tion was given the possible role of the adrenal 
cortex in the physiology of heart failure. Instead, 
with the availability of methods for measuring 
renal hemodynamic function in the intact unanes- 
thetized animal, interest developed in the possible 
importance of the effect of a reduced rate of 
glomerular filtration on sodium excretion. In 
1950, however, Deming and Luetscher (1) re- 
ported the presence of increased sodium-retaining 
activity in urine from patients with cardiac failure. 
There followed several studies (11-15) which 
provided very strong indirect evidence from meas- 
urements of electrolytes in sweat, saliva, urine, and 


691 

| 

Normal * * * * * 


692 


feces that in patients with cardiac failure or de- 
compensated hepatic cirrhosis adrenocortical hor- 
mones promoting sodium retention are present in 
increased amounts. Also, there were additional 
reports that increased sodium-retaining activity is 
present in urine from patients with cardiac fail- 
ure (3), cirrhosis (2) and nephrosis (4). Since 
the isolation and crystallization of aldosterone in 
1952, it has been shown that the excretion of 
aldosterone in urine from patients (16) and from 
dogs (6) accumulating edema or ascites is in- 
creased. Furthermore, a rough inverse correla- 
tion of aldosterone output with sodium excretion 
in urine was described by Luetscher and Johnson 
(5). The association of increased aldosterone ex- 
cretion in urine with renal sodium retention was 
also demonstrated by studies of aldosterone and 
sodium excretion before and after bilateral ad- 
renalectomy in dogs with caval constriction and 
ascites (6). During sodium retention in dogs 
with caval constriction and intact adrenals, aldo- 
sterone excretion was elevated above normal, but 
following bilateral adrenalectomy and discontinua- 
tion of hormone therapy aldosterone disappeared 
from urine and a natriuresis resulted. More quan- 
titative data on the relation of an increased blood 
level of a sodium-retaining steroid to sodium ex- 
cretion during ascites formation has been pre- 
sented previously for adrenalectomized dogs with 
cardiac failure (17) and for adrenalectomized 
dogs with caval constriction (15). In both animal 
preparations it was found that the degree of so- 
dium retention was directly related to the amount 
of desoxycorticosterone acetate (DCA) adminis- 
tered. Consequently, available evidence indicates 
a causal relationship between increased circulating 
aldosterone and sodium retention during cardiac 
failure and during ascites formation. 

It should be pointed out also that increased 
sodium-retaining hormone alone is insufficient to 
produce chronic sodium retention in the dog and 
in some patients with primary aldosteronism (18). 
Large doses of DCA failed to produce more than 
transient retention of sodium in normal (19) and 
in adrenalectomized dogs (20). In the presence 
of an elevated venous pressure, however, as in the 
adrenalectomized dog with constriction of the 
thoracic inferior vena cava (15) or in the adrenal- 
ectomized dog with cardiac failure (17), large 
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doses of DCA produced almost complete sodium 
retention and massive ascites. 

The present study demonstrates that aldosterone 
is secreted in dogs with cardiac failure and in 
dogs with caval constriction at a rate considerably 
higher than in normal dogs. Failure to detect 
aldosterone in peripheral blood although large 
amounts were present in adrenal vein blood shows 
that the increased amounts of aldosterone in the 
adrenal venous effluents resulted from increased 
secretion and were not representative of the blood 
level of circulating aldosterone. The observations 
made during local anesthesia and during blood 
transfusion provide an estimate of the rate of 
aldosterone secretion for comparison with urinary 
aldosterone output. For the data to be meaning- 
ful in terms of the average rate of aldosterone se- 
cretion during the day, it was necessary to collect 
blood with the dogs awake; the present data sug- 
gest that sodium pentobarbital depressed the rate 
of aldosterone secretion. Also, Farrell, Rosnagle, 
and Rauschkolb (21) demonstrated that bleeding 
stimulates the adrenal cortex to secrete aldo- 
sterone. In the present study, a transfusion was 
given to replace the blood removed and, conse- 
quently, to prevent the effect of bleeding per se on 
aldosterone secretion. If the average value for the 
rate of aldosterone secretion per hour is used to 
provide a rough estimate of daily secretion, the 
rates of aldosterone secretion were 560 pg. per day 
for the dogs with caval constriction and 780 pg. 
per day for the dogs with heart failure. The rate 
of excretion of aldosterone in urine from dogs 
with heart failure and from dogs with constriction 
of the thoracic inferior vena cava varied from 2 
to 6 wg. per day (6). Similar calculations from 
the data on normal dogs yield a value of 130 yg. 
per day for the rate of aldosterone secretion. No 
aldosterone was detected in 4 days of normal dog 
urine but chromatographic fractionation and assay 
of a 26-day pool of normal dog urine showed that 
aldosterone was present (6). It appears, there- 
fore, that only 1 per cent or less of secreted aldo- 
sterone is excreted in urine from the dog. These 
findings call attention to the limitation of studies 
of urinary excretion for evaluation of the factors 
which regulate the rate of aldosterone secretion. 

The sequence of events between the primary 
myocardial defect in heart failure or the primary 
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hepatic defect in cirrhosis of the liver ® and the 
mechanism which stimulates the adrenal cortex to 
secrete aldosterone has not been clearly delineated. 
In the dog with caval constriction an elevated 
venous pressure below the constricting ligature is 
usually the only detectable alteration in cardio- 
vascular function (22). This finding suggests 
that elevated venous pressure initiates the se- 
quence of events leading to increased secretion of 
aldosterone and the subsequent renal retention of 
sodium. Previous work (22, 23) indicated that 
the influence of venous pressure on the adrenal 
cortex is indirect; hepatic venous congestion, 
which is essential to the formation of ascites with 
a high protein content, appears to be the important 
consequence of venous hypertension. Whereas 
sufficient constriction of the thoracic inferior vena 
cava above the hepatic venous outflow produces 
ascites consistently (24), constriction of the in- 
ferior vena cava above the renal (24, 25) or ad- 
renal (23) veins but below the diaphragm or con- 
striction of the hepatic portal vein (23-24) fails 
to result in chronic sodium retention. The im- 
portance of the liver may be related to the permea- 
bility of its vascular and lymphatic beds which are 
areas where fluid and electrolytes escape readily 
from the blood stream, It is uncertain whether 
the initial ascites forms before or after a positive 
sodium balance is established by the kidney but 
observations have shown that the first alternative 
is possible. In both dogs with caval constriction 
and dogs with pulmonic stenosis, the initial forma- 
tion of ascites was observed in the absence of so- 
dium intake ; ascites formed during the first 4 days 
after caval constriction or pulmonic stenosis while 
food was withheld (26). The extravasated fluid 
and electrolytes and resultant ascites formation 
were associated with increased urinary excretion 
of aldosterone. The findings from this series of 
studies are consistent with the hypothesis pro- 
posed by Peters several years ago (27) that an 
elevated venous pressure, extravasation of fluid 
and electrolytes, adrenocortical stimulation with 
the consequent increased secretion of a sodium- 
retaining hormone, and sodium retention occur in 
this order. 


2 The dog with thoracic inferior vena cava constriction 
and ascites resembles closely the patient with decompen- 
sated hepatic cirrhosis in regard to electrolyte metabolism. 


SUMMARY AND CONCLUSIONS 


Adrenal vein blood was collected from six nor- 
mal dogs, three dogs with thoracic inferior vena 
cava constriction and four dogs with right-sided 
congestive heart failure. Chromatographic frac- 
tionation of the blood and assay of the various 
fractions showed activity causing sodium retention 
and increased potassium excretion to be present 
consistently in only one fraction, the aldosterone 
fraction. Studies of aldosterone in peripheral and 
adrenal vein blood from the same animals with 
either heart failure or thoracic caval constriction 
demonstrated aldosterone in adrenal venous blood 
only; it may be concluded, therefore, that aldo- 
sterone present in adrenal vein blood represents 
secreted aldosterone. The rates of aldosterone 
secretion were significantly greater for dogs with 
thoracic caval constriction or dogs with heart fail- 
ure than for normal dogs. From data obtained 
using local anesthesia, the average rate of aldo- 
sterone secretion for normal dogs was 2.7 yg. per 
hr., for dogs with caval constriction, 11.6 pg. 
per hr., and for dogs with heart failure, 16.5 


pg. per hr. 
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The generalized Shwartzman reaction (1) oc- 
curs in immature (2) rabbits following the sec- 
ond of two sublethal intravenous injections of 
gram-negative bacterial endotoxin, spaced 18 to 
24 hours apart, and consists of widespread hemor- 
rhage and necrosis. The reaction also occurs after 
a single injection of endotoxin in animals treated 
with intravenous thorotrast, trypan blue (3), col- 
loidal iron, or colloidal carbon (4). Because these 
substances were thought to “blockade” the reticu- 
loendothelial (R.E.) system, it was suggested 
that an analogous impairment of R.E. function 
may also be produced by the first or “preparing” 
injection of endotoxin, resulting in slower removal 
and detoxification of the second dose and directly 
or indirectly in the characteristic lesions in the 
kidney, heart, lungs, and liver. 

In the experiments to be reported, the distribu- 
tion of radioactive Cr! labeled endotoxin in nor- 
mal rabbits was compared with that in rabbits 
which had received a preparing injection of un- 
labeled endotoxin 24 hours earlier. The results 
indicate that, in the rabbit, the “prepared” state is 
characterized by impaired removal of a second 
injection of endotoxin by the liver and increased 
localization by the lung. 


METHODS AND PROCEDURE 


Animals. Young albino rabbits of a hybrid stock 
weighing between 0.77 and 1.3 kilo., used for all experi- 


1 Supported in part by grants from the National Heart 
Institute of the National Institutes of Health (H-2093), 
American Heart Association, and the Minnesota Heart 
Association, and under contract No. DA-49-007-MD-519 
of the Research and Development Division, Office of the 
Surgeon General, Department of the Army. 

2 Work performed during the tenure of a research fel- 
lowship with the Helen Hay Whitney Foundation, and as 
Senior Investigator, Arthritis and Rheumatism Founda- 
tion. 


ments, were housed in air-conditioned, humidity-con- 
trolled animal quarters and fed water and Purina rabbit 
pellets. 

Endotoxin. Escherichia coli endotoxin was prepared 
and labeled with radioactive chromic chloride (Cr™Cls) 
according to the methods previously reported (5). The 
close quantitative relationship shown to exist between 
the toxicity and radioactivity of endotoxin so labeled pro- 
vides the basis for using radioactivity as a measure of the 
distribution of endotoxin. In preliminary experiments 
it was found that the lot of endotoxin employed in these 
experiments produced the generalized Shwartzman re- 
action with high frequency in immature rabbits. 

Experimental. Each rabbit in one experimental group 
received an intravenous injection of 0.25 mgm. non-labeled 
E. coli endotoxin in the marginal vein of the ear (the 
“preparing” injection); 24 hours later each prepared 
animal received a second intravenous injection of 0.56 
mgm. E. coli endotoxin labeled with Cr™Cls. In a second 
group of animals, each received an intravenous injection 
of 0.56 mgm. labeled endotoxin, but no preparing injec- 
tion of non-labeled endotoxin. 

At varying intervals after the injection of radioactive 
endotoxin, samples of blood were removed by cardiac 
puncture, heparinized, and 5.0 ml. plasma saved for de- 
termination of radioactivity. The animals were im- 
mediately sacrificed and the weights of each animal and 
its individual organs were recorded. The lung, heart, 
spleen, kidney, and weighed aliquots of liver were rinsed 
with tap water to remove superficial blood and placed in 
10 per cent formol-saline until radioactivity was meas- 
ured. After counting, sections of the organs, stained 
with hematoxylin and eosin were examined microscopi- 
cally. When the volume of an organ made it necessary 
to digest with concentrated nitric acid before counting, a 
weighed aliquot was first removed for histologic section. 
The radioactivity of the tissues and of injected labeled 
endotoxin was determined by counting in a scintillation 
counter for ten minutes as previously described (5). 
Corrections were made for decay. On the basis of 
previous data obtained in rabbits given endotoxin, total 
circulating plasma radioactivity was calculated by as- 
suming an average hematocrit of 40 per cent and an 
average blood volume of 5 per cent of body weight (6). 
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TABLE I 


Comparison of uptake of radioactive Cr® labeled endotoxin in normal rabbits and those 
which received non-labeled endotoxin twenty-four hours earlier 


% Injected radioactivity* 


Concentration indext 


‘lasma 
5 ml. Spleen Liver Lung 


Heart Kidney 


Spleen Liver Lung Heart Kidney 


Group I—0.25 mgm. E. coli endotoxin, I. V. 24 hours prior to 0.56 mgm. Cr* labeled endotoxin I. V. 


CADP 

N 


17.1 
13.0 
20.3 


SID 


Sssssssss essssssss 

a Ne POO 

Co OF FN POW 


8.6 
5.3 


Group II—Single injection I. 


° 


ROR WW OO LADD 


r®! labeled endotoxin 


3.1 
4.4 
5.3 
5.0 
1.4 
4.0 
2.8 
4.0 
3.1 
3.0 
2.4 
2.5 
1.1 
0.9 
1.2 


RIE SS 


oo 


RON OWNS 


S 
AKMAD 
Sop 


*c.p.s. in total organ 
c.p.s. injected 
¢ Per cent of injected radioactivity in given organ 
Per cent of total body weight in organ 


X 100 = % Injected radioactivity in given organ. 


= Concentration index. 


Fibrinoid deposits in glomeruli but no necrosis detectable microscopically. 
Bilateral renal cortical necrosis present grossly and microscopically. 


RESULTS 


The results of these studies are given in detail 
in Table I and presented graphically in Figures 
1, 2, 3, and 4. 

The distribution of radioactive endotoxin in 
the normal rabbits resembles that reported pre- 
viously (6). Figure 1 shows that clearance of 
radioactivity from the plasma of the prepared ani- 
mals did not differ significantly from normals. 


On the other hand, uptake of radioactivity by the 
liver (Figure 2) was strikingly reduced in the 
prepared animal. Hepatic uptake accounted for 
as much as 60 per cent of injected radioactivity 
in the normal rabbit, whereas uptake in the pre- 
pared rabbit was usually less than 40 per cent. 
Figure 4 shows that the lung of the prepared rab- 
bit accumulates a higher percentage of the injected 
radioactivity than the normals. 
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ENDOTOXIN DISTRIBUTION IN THE SHWARTZMAN REACTION 


PLASMA 


INJECTED 


PER CENT OF TOTAL RADIOACTIVITY 


2 Received 0.56 
“labelled with *CrsiCls 


Received first 0.25mq. non- 
label] 


24hr. later 0.56 mg. Jabelled 
endotoxin. 


E.coli endotoxin 


ed E.coli endotoxin, and 


Fic. 1. 


8 12 16 20 
HOURS AFTER INJECTION OF ENDOTOXIN 


Per Cent or INJECTED RADIOACTIVITY PRESENT IN PLASMA AT VARIOUS 


TIMES AFTER INTRAVENOUS INJECTION OF Cr™ LaseLep ENDOTOXIN, IN NORMAL 
RABBITS AND ANIMALS WuHicH Hap RECEIVED A PREPARING INJECTION oF 0.25 MGM. 


UNLABELED ENpoTOXIN 24 Hours EARLIER 


Each point represents the value for a single animal. 


Uptake of radioactive endotoxin by the kidneys 
in the two groups did not differ significantly ex- 
cept in the rabbits which developed bilateral renal 
cortical necrosis (Figure 3). The kidneys of four 
such animals contained an average of 3.72 per cent 
of radioactivity injected, whereas the kidneys of 
those living more than 6 hours and not showing 
renal cortical necrosis contained an average of 
only 0.62 per cent. This apparent increase in up- 
take of radioactivity is not explained simply by 
the increased size of the involved kidneys, because 
the average concentration index was also in- 
creased in that group. Excluding those develop- 
ing necrosis, glomerular fibrinoid deposits were 
found in the kidneys of 5 single-dose rabbits, but 
in 13 prepared animals. In contrast, no signifi- 
cant differences in localization of radioactivity by 
these two groups were observed. 

Bilateral renal cortical necrosis occurred with 
the expected incidence (3 of 6 living more than 
6 hours) in the prepared group, but one animal 
also showed this lesion after one injection of 
endotoxin. Presumably, the fibrinoid deposits oc- 
cluding the glomerular lumen as a result of a 
single injection of endotoxin were sufficiently ex- 
tensive to result in cortical necrosis (7). 

Radioactivity in the spleen in the two groups 
varied considerably, but the mean values were 
slightly higher for the prepared group than for 


the controls. (Mean uptake in prepared group 
equalled 3.63 per cent, in controls, 2.11 per cent.) 

Not all of the injected radioactive endotoxin 
was accounted for in the organs examined and it 
seems possible that localization may have oc- 
curred in the bone or other points in the carcass 
not examined. On the basis of previous data 
(6), intestinal or renal excretion probably would 
not account for a significant amount of endotoxin. 


3 


y in liver 
8 


3 


Percent injected radioactivit 
8 


Received 0.25 E.coli endotoxin 
24 hrs. 
Controls-no prior endotoxin 


Hours after injection of endotoxin 
Fic. 2. Per Cent or Inyecrep Raproactivity Locat- 
IZED IN THE Liver AT VARIOUS TIMES AFTER AN INTRA- 
VENOUS INJECTION oF Cr™ LABELED ENDOTOXIN IN Nor- 
MAL AND PREPARED RABBITS 


Each point represents the value for a single animal. 
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a 
KIDNEY 
6+ © Received 0.25me. E.coli 
endotoxin 24hr. earlier 
5+ © Controls - no prior 
endotoxin 

& |A Bilateral renal cortical 
$ necrosis present 
kK 3+ 

ot ° e ° 
> ° e 
k fe) hd & ,° 1 2 8 
> 
| LUNG 
7 
Received 0.25mg¢. E.coli 
Al re endotoxin 24hr. earlier 
Controls ~no prior 
5} endotoxin 
be 4 
3 
Q 

2 


~ 


re) 1 


HOURS AFTER INJECTION OF ENDOTOXIN 


Fics. 3, 4. Per Cent or INJECTED RADIOACTIVITY IN 
THE Kipney (Ficure 3) anp Lunc (Ficure 4) at 
Various TIMES AFTER AN INTRAVENOUS INJECTION OF 
Cr™ LaseteD ENDOTOXIN IN NoRMAL AND PREPARED 
RABBITS 


Each point represents the value for one animal. 


DISCUSSION 


These experiments demonstrate significant al- 
terations in localization of endotoxin in the or- 
gans of the rabbits prepared for the generalized 
Shwartzman reaction. Twenty-four hours after a 
sublethal intravenous injection of E. coli endo- 
toxin, the capacity of the liver to take up radio- 
active Cr®*Cl, labeled endotoxin was reduced to ap- 
proximately one-half normal. On the other hand, 
the uptake by the lung, and to a lesser extent by 
the spleen, was increased in the prepared rabbits. 
The relation of these shifts in localization of radio- 
active endotoxin to pathogenesis of the generalized 
Shwartzman reaction, however, is not clear. In 
general, prepared rabbits showed the altered pat- 
tern of localization regardless of whether or not 
renal cortical necrosis developed. Likewise, rab- 
bits having glomerular fibrinoid lesions upon 
microscopic examination did not differ consist- 
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ently in pulmonary or hepatic uptake from those 
not showing this lesion. 

The only definite correlation between shifts of 
radioactivity and the lesions of the generalized 
Shwartzman reaction was found in the increased 
localization in kidneys showing renal cortical 
necrosis. Although this observation implies that 
increased localization of endotoxin in the kidney 
may result directly in cortical necrosis, another 
possible explanation seems as likely. Previous 
studies (6) have demonstrated that soon after 
injection into normal rabbits radioactive endo- 
toxin localized in the “buffy coat” of the blood and 
presumably in the polymorphonuclear leucocytes. 
Since renal cortical necrosis is accompanied by 
infiltration of the swollen juxta-cortical areas with 
leucocytes (8), it seems possible that renal con- 
centration of radioactivity may represent the 
trapping of endotoxin-laden leucocytes in the 
necrotic areas. This same mechanism might also 
account for greater uptake by the lung. 

The decreased uptake of endotoxin in the liver 
of the prepared rabbits is of considerable interest. 
The concept that R.E. function of the liver is im- 
paired by the preparing injection of endotoxin 
receives support from several previous studies. 
“Blockade” of the R.E. system (3, 4) brings 
about a state of preparation for the generalized 
Shwartzman reaction in rabbits which resembles, 
in every demonstrable way, that resulting from an 
injection of endotoxin. Cornwell (9) determined 
plasma clearance rates and organ uptake of radio- 
active colloidal gold in prepared rabbits in an 
attempt to assess the functional capacity of the 
R.E. system after an injection of endotoxin. He 
demonstrated a decreased plasma clearance and 
hepatic uptake in the prepared rabbit. Gabrielli 
(10) has reported similar results using radioactive 
colloidal chromium, and Biozzi, Benacerraf, and 
Halpern (11) recently demonstrated decreased 
hepatic uptake of injected ink particles after in- 
jection of typhoid vaccine. 

Therefore, the available evidence indicating de- 
creased capacity of the liver to take up endotoxin 
is compatible with the interpretation that an R.E. 
function of this organ is compromised in the “pre- 
pared” rabbit. It is conceivable, however, in view 
of the marked hemodynamic effects of endotoxin, 
especially involving splanchnic and hepatic blood 
flow (12), that other mechanisms may be in- 
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volved. Regardless of their interpretation the 
functional alterations of the prepared state re- 
vealed in these studies do not appear to bear 
a direct relationship to the microscopic fibri- 
noid lesions which characterize the generalized 
Shwartzman reaction. In this respect the data 
support the suggestion made previously (13, 14) 
that the acute lethal action of endotoxin and the 
fibrinoid vascular lesions in the Shwartzman re- 
action do not necessarily depend upon the same 
mechanisms. 


SUMMARY 


Attempts have been made to characterize the 
prepared state in the generalized Shwartzman re- 
action by determining the fate of intravenously 
injected Cr*! labeled radioactive endotoxin in rab- 
bits 24 hours after a preparing injection of un- 
labeled endotoxin. Compared with normal rab- 
bits, the prepared rabbit exhibited a markedly 
altered pattern of distribution of radioactivity. 
Hepatic uptake was reduced nearly 50 per cent 
and pulmonary uptake was increased. No in- 
crease in renal localization was observed except 
in those rabbits developing bilateral renal cortical 
necrosis. In animals not developing necrosis, no 
direct relationship was found between the renal 
or hepatic uptake of endotoxin and the microscopic 
fibrinoid lesions of the generalized Shwartzman 
reaction. 
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IN VIVO STUDIES OF THE ROLE OF ALBUMIN IN ENDOGENOUS 
AND HEPARIN-ACTIVATED LIPEMIA-CLEARING 
IN NEPHROTIC RATS? 


By RAY H. ROSENMAN ann MEYER FRIEDMAN 
(From the Harold Brunn Institute, Mount Zion Hospital, San Francisco 15, Calif.) 


(Submitted for publication June 15, 1956; accepted January 17, 1957) 


In a previous study (1) heparin was found to 
inhibit the rise of plasma lipids and cholesterol 
occurring in rats with nephrosis experimentally 
induced by injection of anti-rat kidney serum 
(AKS). Such inhibition was marked when hep- 
arin was administered prior to and immediately 
after the injection of AKS, but of much lesser 
degree when administered to the chronic nephrotic 
rat with established hypoalbuminemia and hyper- 
lipemia. A similar slight or absent anti-lipemic 
response to heparin has been observed in some 
human subjects with nephrosis (2). This sug- 
gested to us that perhaps the inhibitory action of 
heparin necessitated the presence of a larger con- 
centration of plasma albumin than was present in 
the chronic nephrotic rat. 

Therefore a second study (3) was done in 
which bovine serum albumin was infused into rats 
during both the induction and chronic phases of 
experimental nephrosis. This was found to be 
far more effective than heparin in respectively 
preventing and correcting the hyperlipemia other- 
wise occurring in such rats. However, the infu- 
sion of albumin was not found capable of com- 
pletely normalizing the plasma lipids of the ne- 
phrotic animal unless it concomitantly was 
nephrectomized. 

This suggested that the accumulation of lipids 
in the plasma of the nephrotic rat is due not only 
to a quantitative deficiency of plasma albumin (3) 
but also to the excessive renal loss of some other 
essential plasma constituent of the lipid-clearing 
mechanism which might be escaping pari passu, 
either separately or combined with the escaping 
albumin. If this substance were heparin, or its 
plasma equivalent, the combined administration of 
heparin and albumin would be expected to be 


1 Aided by Grants from the National Institute of Ar- 
thritis and Metabolic Diseases of the National Institutes 
of Health, (A-46, C-4), the American Heart Association 
and the San Francisco Heart Association. 


completely effective in normalizing the plasma 
lipids of the nephrotic rat. This was found to 
be true in the present study of such combined 
treatment, the data also providing an in vivo dem- 
onstration of the essential role of adequate plasma 
albumin for both endogenous and _ heparin-acti- 
vated processes of lipemia-clearing. 


METHODS AND RESULTS 


Adult, male rats (Long-Evans) were used in these 
studies. Pooled rabbit anti-rat kidney serum (AKS) 
was prepared as described by Heymann and Lund (4) 
and assayed in preliminary studies by its ability to induce 
hypoalbuminemia, hyperlipemia and hypercholesteremia 
within 18 hours after its intravenous injection. Continu- 
ous intravenous infusions were administered by a special 
constant infusion apparatus designed to inject 0.25 ml. 
per hour (6.0 ml. per 24 hours) through an exteriorized 
polyethylene cannula placed in an inferior lumbar vein 
during a preliminary operation accomplished under ether 
anesthesia. The injected solutions were either freshly 
prepared aqueous bovine serum albumin (30 per cent) or 
sodium chloride (0.9 per cent), the latter being used 
since it was previously found to induce a degree of 
hemodilution in nephrotic rats comparable to that in- 
duced by the albumin solution (3). In certain instances 
5 mg. of sodium heparin was added to each 6-ml. aliquot 
of infusion solution. Plasma total lipids, total choles- 
terol, and aibumin were determined by the methods pre- 
viously described (3). 


A. The effect of albumin-heparin infusion on 
plasma lipids during the induction of the 
nephrotic state. 


Each of 50 rats was prepared for intravenous infusion 
and injected with AKS (1 ml.). During the ensuing 
24 hours, nine rats (Group I) were continuously infused 
with six ml. saline-heparin solution, as described above, 
and nine rats (Group II) with albumin-heparin solution. 
For control purposes 19 rats (Group III) were infused 
with albumin solution and 13 rats (Group IV) with 
saline solution, without added heparin. All rats were 
bled for plasma total lipids, total cholesterol and albumin 
at the end of the 24-hour infusion interval, and hemato- 
crits were determined in those infused with saline (Group 
IV) and albumin (Group III). 
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ALBUMIN AND LIPEMIA-CLEARING IN NEPHROTIC RATS 


TABLE I 


The effect of continuous 24-hour infusion of albumin and heparin on plasma lipids of rats 
concomitantly injected with antikidney serum 


Average plasma concentrations* 
Total cholesterol 


Total lipids 
concentration 
(mg./100 ml.) 


Aver, 
) Albumin 


No. of 
(gm./100 ml.) 


Infusion fluid rats 


Concentration 
(mg./100 mi.) 


Average increaset 
(mg./100 ml.) 


Rats injected with antikidney serum 
Saline + Heparin 9 161 
nge: 
S.E. Mean: 


Bovine Albumin + 
Heparin 160 
Range: 
S.E. Mean: 


Bovine Albumin 158 


1.1 
(0.9-1.7) 


318 
(219-365) 
+£0.12 


125 +63 
(94-162) (+32-100) 
+7.8 +7.7 +15.6 


4.0 
(2.5-5.3) 


254 
(191-303) 
+£0.43 


65 +3 
(30-89) (+27-(—32)) 
+6.9 +6.8 #14.5 
3.9 
(3.1-5.1) 


108 +46 297 
(81-131) (+19-69) (238-349) 
+9.3 +7.3 +£0.68 


162 


1.2 
(0.5-1.5) 


413 
(275-540) 
+0.10 


+15.4 


153 
(117-187) 
+6.3 


+91 
(+55-125) 
+6.3 


Control rats injected with normal rabbit serum 


10 164 2.3 
(2.0-2.6) 


62 191 
(52-70) (142-228) 
2.2 +6.2 +0.11 


* At completion of continuous 24-hour infusion (6.0 ml. per rat). 
t Increment in excess of 62 mg. per 100 ml. (Group V). 


Control plasma concentrations were established by 
bleeding 10 other normal rats (Group V) 24 hours after 
injection of 1.0 ml. of normal rabbit serum and infusion 
of saline. 

In Table I it can be seen that the injection of AKS 
induced in 24 hours in the control rats (Group IV) a 
fall of plasma albumin to an average of 1.2 gm. per 
100 ml., with an associated average increase of plasma 
lipids to 413 mg. per 100 ml. and of plasma cholesterol to 
153 mg. per 100 ml. The rats infused with heparin (Group 
I) exhibited a comparable fall of plasma albumin (average: 
1.1 gm. per 100 ml.), but a significantly lesser rise of 
piasma lipids (average: 318 mg. per 100 ml.) and of 
cholesterol (average: 125 mg. per 100 ml.). Since the 
infusion of heparin did not affect the fall of plasma 
albumin in these rats, there is no evidence that the 
observed lipemia-inhibitory effects were due to any effect 
of heparin on the immune mechanism by which AKS 
induced nephrosis, as may possibly occur under certain 
experimental circumstances (1, 5). 

The infusion of albumin (Group III) prevented the 
fall of plasma albumin (average: 3.9 gm. per 100 ml.) 
and, as observed previously (3), even more effectively 
inhibited the rise of plasma lipids (average: 297 mg. per 
100 ml.) and of cholesterol (108 mg. per 100 m’.) other- 
wise induced by AKS injection. However, only the 
combined infusion of heparin and albumin (Group II) 
proved completely effective in inhibiting the AKS- 
induced rise of plasma lipids (average: 254 mg. per 100 


ml.) and cholesterol (average: 65 mg. per 100 ml.). 
These rats exhibited an average plasma albumin of 4.0 
mg. per 100 ml., similar to those infused only with albu- 
min (Group III). Moreover, the observed results could 
not be ascribed to any significant difference of induced 
hemodilution since the average hematocrit was 44 (Range: 
41 to 48) in the rats infused with saline (Group IV), 
and 40 (Range: 38 to 41) in the albumin-infused rats 
(Group III). 


B. The effect of albumin-heparin infusion on the 
plasma lipids of chronic nephrotic rats 


The previous experiment indicated that heparin only 
incompletely inhibited the rise of plasma lipids during 
the induction of the nephrotic state, and even less effec- 
tively inhibited the rise of plasma cholesterol. Simi- 
larly, as observed previously (3), albumin infusion was 
not completely effective in inhibiting the rise of plasma 
lipid and cholesterol unless it was combined with heparin. 
In view of the apparent need of both substances in pre- 
venting the occurrence of AKS-induced hyperlipemia and 
hypercholesteremia, it appeared of importance to us to 
determine whether the combination of heparin and albu- 
min also was necessary to correct an already established 
hyperlipemia and hypercholesteremia in chronic nephrotic 
rats. 

Each of a series of 46 rats was injected with one ml. 
AKS. Four days later the rats were divided into four 
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TABLE II 


The effect of continuous 24-hour infusion of albumin and heparin on plasma lipids of chronic 
nephrotic rats four days after injection of antikidney serum 


Average plasma concentrations 


Pre-infusion 


Infusion fluid* 


cholesterol 
(mg./100 ml.) 


Post-infusion 


Total cholesterol 


Concentration Av change Total lipids 
(mg./100 mil.) (mg./100 ml.) (mg./100 ml.) 


Albumin 
(gm./100 ml.) 


Saline + Heparin 
Range: 


Bovine Albumin + 
Heparin 
Range: 
S.E. Mean: 
Bovine Albumin + 
Heparin 
Range: 


Bovine Albumin 


221 220 | 
(142-281) (135-287) (+48-(—44)) 
+15.5 +16.9 +8.6 


206 
(163-226) 
+11.0 


224 
(168-283) 
+143 


279 348 
(181-423) (195-501) 


223 
(167-278) 
+11.6 


217 +11 429 Lt 
(157-290) (+60-(—52)) (262-568)  (0.8-1.4) 
+10.4 +20.6 +0.30 


66 — 158 243 
(55-82) (—98-(—223)) (186-302) 
+3.2 +9.6 
581 
(415-954) 


331 
(240-510) 
+26.6 


+69 
(+8-221) 


116 —107 
(54-218) (—27-(—203)) 
+15.0 +14.4 
550 
(415-662) 
+17.7 


* Six ml. per 24 hours. 


groups and prepared for intravenous infusion. During 
the ensuing 24 hours nine of the rats (Group I) were 
continuously infused with saline-heparin and 12 others 
(Group II) with albumin-heparin solution. The remain- 
ing rats served as controls, 11 (Group III) being infused 
only with albumin and 14 (Group IV) only with saline. 

In order to obviate the effect of initial removal of any 
significant amount of blood, the rats were bled only for 
plasma total cholesterol preoperatively. On completion 
of the 24-hour infusion all rats again were bled for deter- 
mination of plasma total lipids, cholesterol and albumin. 

The results are shown in Table II. The rats infused 
with saline containing heparin (Group I) exhibited an 
average plasma albumin of 1.1 gm. per 100 ml. at the 
end of the infusion interval. During this interval no 
significant change occurred in their average plasma cho- 
lesterol, which rose an average of 31 mg. per 100 ml. in 
six of the rats and fell an average of 30 mg. per 100 ml. 
in the remaining three rats. The respective saline-infused 
controls (Group IV) exhibited a comparable average 
plasma albumin of 1.1 gm. per 100 ml. and, as in the 
above rats, the infusion of saline failed to alter the aver- 
age plasma cholesterol, which rose an average of 29 mg. 
per 100 ml. in six and fell an average of 19 mg. per 100 
ml. in eight of these rats. However, the average plasma 
total lipids of these two groups of rats was 429 mg. per 
100 ml. and 550 mg. per 100 ml., respectively, indicating 
a moderate heparin-induced lowering of total plasma 
lipids. The combined infusion of heparin and albumin 
increased the plasma albumin content of only eight of 
the 12 rats so treated (Group II a), to an average of 


3.2 gm. per 100 ml. This was associated with a marked 
lowering of the plasma lipids of these eight rats to an 
average of 243 mg. per 100 ml., with an associated 
marked fall of their plasma cholesterols to normal levels 
averaging 66 mg. per 100 ml.- That this response could 
not be ascribed only to the anti-lipemic effect of the albu- 
min infusion per se (3) was shown by comparison with 
the respective control rats infused only with albumin 
(Group III) and which exhibited a comparable rise of 
plasma albumin (average: 3.0 gm. per 100 ml.) during 
the experimental interval, but a lesser fall of plasma 
lipids to an average of 331 mg. per 190 ml., and of cho- 
lesterol to an average of 116 mg. per 100 ml. The essen- 
tial nature of adequate albumin for heparin-induced 
lipemia-clearing was particularly well shown by the find- 
ings in the remaining four of the 12 rats similarly in- 
fused with combined albumin-heparin (Group II b) but 
in which there failed to develop a rise of plasma albumin 
(average: 1.0 gm. per 100 ml.) which exceeded those of 
the saline-infused controls. Thus, despite the infusion of 
heparin, these rats exhibited plasma lipid levels averaging 
581 mg. per 100 ml., comparable to those of the saline- 
infused controls (Group IV), and a further rise of their 
plasma cholesterols from an average of 279 mg. per 100 
ml. to an average of 348 mg. per 100 ml. occurred during 
the 24-hour experimental interval. 


DISCUSSION 


Albumin has been shown (6-10) clearly to pro- 
vide the vehicle for the transport of the fatty acids 
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ALBUMIN AND LIPEMIA-CLEARING IN NEPHROTIC RATS 


released during the hydrolysis of triglyceride sub- 
strates, and a relative deficiency of albumin has 
been shown (6-8) in vitro to block such lipolysis. 
Since the hydrolysis of plasma triglycerides ap- 
pears, moreover, to be a prerequisite for clearance 
of lipid from the plasma (11, 12), the retention of 
excess lipid in the plasma would be expected in 
certain states characterized by the rapid loss and 
sustained depletion of plasma albumin, Consonant 
with this is our earlier finding (13) that the 
nephrotic state in rats is characterized by an 
isolated accumulation of excess lipid which is con- 
fined to their plasma. The essential role of albu- 
min for the maintenance of endogenous processes 
of lipolysis and lipid-clearing from the plasma was 
confirmed in vivo by our recent demonstration (3) 
of the causal relationship between hypoalbumine- 
mia and hyperlipemia in the experimentally neph- 
rotic rat. The albumin deficiency blocks lipolysis 
and consequently also the egress of lipid from the 
plasma was also confirmed in the present studies 
in which the infusion of albumin again was shown 
to induce the rapid clearance of excess lipid from 
the plasma of nephrotic rats exhibiting hypoal- 
buminemia and hyperlipemia. 

The lipemia-clearing induced by heparin admin- 
istration in nephrotic human subjects has been 
found to be of limited magnitude and occasionally 
even absent (2). A similar limited anti-lipemic 
response to heparin was observed previously by 
us (1) in chronic nephrotic rats. In the present 
studies it was shown that this limited ability of 
heparin to clear excess lipids from the nephrotic 
rat’s plasma is due to the sustained deficiency of 
albumin in such plasma, confirming in vitro dem- 
onstrations (6-10) of the essentiality of adequate 
albumin for heparin-activated processes of lipolysis 
and lipemia-clearing. It was also shown that the 
rate of clearance of excess lipid from the nephrotic 
rat’s plasma during the infusion of albumin was 
considerably augmented by the concomitant ad- 
ministration of heparin. This is consonant with 
the belief (14-19) that heparin-induced, lipemia- 
clearing is simply an acceleration of the normally 
occurring lipolytic processes. The observed re- 
sponse to heparin-albumin infusion also indicated 
the ability of the nephrotic rat to form potent 
lipemia-clearing factor and failed to confirm the 
presence in nephrotic rat’s plasma of some “clear- 
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ing-factor inhibitor,” as has been suggested by 
others (20). 

It is likely that the clearance of excess choles- 
terol from the nephrotic rat’s plasma, following 
administration of albumin and/or heparin, is sec- 
ondary to the effects of these substances on the 
hydrolysis of triglycerides (10), since in turn, the 
accumulation of excess cholesterol in nephrotic 
plasma is probably secondary to the hypertri- 
glyceridemia induced by the albumin deficiency 
(3). Thus, in the normal rat (21), progressive 
hypercholesteremia occurs when a sustained rise 
of plasma triglycerides is induced by the latter’s 
continuous intravenous infusion. Since a pro- 
gressive rise of plasma cholesterol also occurs in 
normal rats that are continuously infused with 
phospholipids (22), the hypercholesteremia in 
nephrotic plasma may, in part, be secondary to 
the hyperphospholipemia which also occurs in the 
nephrotic state. It is likely (21, 23-25) that the 
increment of excess cholesterol and phospholipid 
in nephrotic plasma, as in other hyperlipemic 
states, is “dissolved” in the excess insoluble tri- 
glycerides present in such plasma. The clearing 
of excess cholesterol from the plasma of the neph- 
rotic rats infused with albumin or albumin-heparin 
would thus appear to be secondary to the dissolu- 
tion of triglycerides known to be accomplished by 
such treatment (10, 24, 25). 

In the present studies, as observed previously 
(3), the infusion of albumin was not found capa- 
ble either of completely preventing the rise of 
plasma lipids and cholesterol induced by injection 
of antikidney serum, or of completely correcting 
the hyperlipemia and hypercholesteremia of 
chronic nephrotic rats. However, since the com- 
bined administration of heparin and albumin was 
found completely effective in this regard, it is 
likely that this partial failure on the part of 
albumin administration was not due to the use 
of “prepared” bovine serum albumin, rather than 
more physiological rat serum albumin, or to the 
presence of some clearing-factor inhibitor in the 
nephrotic rat’s plasma (20). On the other hand, 
when the chronic nephrotic rat was nephrecto- 
mized, and then infused with albumin (3), as 
complete a normalization of the plasma lipids 
occurred as was observed presently in intact neph- 
rotic rats infused concomitantly with albumin and 
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heparin. This suggests that a causal factor in the 
occurrence of nephrotic hyperlipemia, other than 
the quantitative deficiency of plasma albumin (3), 
may be the renal loss of “clearing-factor” or some 
co-factor, occurring alone or in combination with 
escaping albumin. An additional factor would 
appear to be the short intravascular existence of 
any given albumin molecule. Thus, in certain of 
the treated chronic nephrotic rats, the renal loss 
of infused albumin occurred so rapidly (3, 26) as 
to preclude any rise of plasma albumin, and in this 
instance no lipemia-clearing was induced by the 
injected albumin or by the concurrently adminis- 
tered heparin. 


SUMMARY 


The effect of administration of heparin and 
albumin, alone or in combination, upon the plasma 
lipids of nephrotic rats was studied during both 
the induction and chronic phases of experimental 
nephrosis induced by antikidney serum injection. 
It was found that heparin administration induced 
only a minimal lipemia-clearing response in se- 
verely hypoalbuminemic rats, unless albumin was 
simultaneously administered. The concurrent ad- 
ministration of heparin markedly augmented the 
ability of infused albumin to correct the hyper- 
lipemia and hypercholesteremia of the nephrotic 
rat. It was suggested that an additional causal 
factor underlying nephrotic hyperlipemia, other 
than deficiency of plasma albumin, may be the 
renal loss in such rats of “clearing-factor” or 
some co-factor essential to lipolytic processes. 

The data provide an in vivo confirmation of the 
essential role of albumin for endogenous and 
heparin-activated lipemia-clearing and are con- 
sonant with the belief that heparin effects lipemia- 
clearing by accelerating normally occurring lipo- 
lytic processes. 
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The neurological pattern of hepatic coma has 
been characterized by Adams and Foley (1), and 
their observations facilitate the early recognition 
of this syndrome. A similar syndrome has been 
produced by the administration of certain nitro- 
genous substances (2) or a high protein diet (3) 
and has been observed following portacaval shunt 
(4) or total hepatectomy (5). Blood ammonia 
levels in hepatic coma are usually elevated, but 
there is poor correlation with the neurological 
state. Walshe (6) reported in 1953 the successful 
treatment of hepatic coma with large amounts of 
l-glutamic acid. Although beneficial results have 
been reported with glutamic acid by some investi- 
gators (7-11), in contrast, no benefit has been 
observed from this treatment by others (12-14). 
However, independent of the clinical result the 
blood ammonia decreases with glutamic acid 
therapy (7, 12, 14). 

Walshe (6) proposed that an excess of intra- 
cellular ammonia accumulates in the brain in 
hepatic coma because of disturbed metabolism of 
glutamic acid. The administration of glutamic 
acid might correct this defect. Bessman and Bess- 
man (15) believed that interference with energy 
metabolism in the brain by removal of alpha- 
ketoglutarate is the essential lesion of hepatic 
coma. The present study characterizes some of 
the biochemical changes in the serum accompany- 
ing the fall in blood ammonia produced by the 
infusion of sodium glutamate in normal persons 
and patients in hepatic coma. 


CLINICAL PROCEDURES AND METHODS 


Glutamic acid infusions were given to two normal 
subjects and eight patients with cirrhosis. All were 
studied on the wards of the Walter Reed Army hospital. 


*Formerly Captain, MC, USAR. Present address: 
Johns Hopkins Hospital, Baltimore, Maryland. 

2Formerly Captain, MC, USAR. Present address: 
Lemuel Shattuck Hospital, Boston, Massachusetts. 


The diagnosis of pre-coma was made in such cases by 
serial observations of developing stupor, confusion, and 
flapping tremor in patients with chronic liver disease. 
The criteria for the definition of coma are those out- 
lined by Webster and Davidson (13). All patients were 
fasting during the time of study and glucose was ad- 
ministered at a constant rate as far as possible. None 
of the patients was in shock, but patients 8, 9, and 4 
during Study “C” received blood transfusion during the 
aftercontrol period because of continued gastrointestinal 
hemorrhage. Azotemia was not observed but oliguria 
was present in all coma patients. Pertinent clinical in- 
formation for each subject is given in Table I. 

Blood ammonia was determined on fresh heparinized 
venous blood. All determinations were made in tripli- 
cate using a microdiffusion method (16, 17). The aver- 
age deviation of replicates on the same blood sample from 
the mean (18) was 7.6+3.1 4M per L.2 Simultaneous 
arterial and venous blood samples were obtained from 
five patients and analyzed for ammonia and alpha-keto- 
glutarate. The arterial blood ammonia was always higher 
than the venous blood ammonia, suggesting extraction 
of ammonia by the musculature as reported by Bessman 
and Bradley (19), but the alpha-ketoglutarate did not 
change. The impression was gained during the collec- 
tion of samples that the brighter venous bloods had 
higher ammonia values. For this reason, the effects of 
in vitro oxygenation on the blood ammonia were studied. 
Venous blood was equilibrated in a tonometer with a 
stream of washed oxygen or nitrogen, and at the end 
of five minutes the original unagitated venous blood and 
both treated samples were analyzed for ammonia. The 
nitrogen equilibration was employed as a control, for the 
gassing process caused the loss of some ammonia. All 
determinations were performed in triplicate and the se- 
quence of analysis was varied so that the oxygenated 
sometimes preceded and sometimes followed the other 
analyses. Actual ammonia analyses were started within 
20 minutes of shedding of the blood and the first and 
last samples were invariably less than five minutes apart. 
The oxygenated blood assumed a bright red color in 
contrast to both the control venous and the nitrogenated 
blood; however, the oxygen tension was not directly 
measured. Blood from six normal persons and from 
four patients with cirrhosis was treated in this manner. 


3 The designation uM per L. is used for all substances 
to facilitate comparisons. One uM per L. of ammonia is 
equivalent to 0.017 y per ml. 
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BIOCHEMICAL CHANGES FOLLOWING INTRAVENOUS GLUTAMATE 


TABLE I 
Pertinent clinical information on the normal subjects and patients with cirrhosis 


Effect of 
glutamate 
infusion 


Comment 


*Cirrhosis 1, 
62 Cirrhosis 18 32 


Hemorrhage 


None 


Died 4 days later 


44 Cirrhosis 4 19 2.8  ?Paraldehyde 36 Awakened Died after 12 
46 Cirrhosis 4 3.2 22 H,Cl one Precoma due to NH,Cl? 
Hemorrhage 6 Died 24 hrs. later 
7a 45 Chronic 2 28 rh 24 None Coma lightened 
pancreatitis; 
cirrhosis 
b 12 None Coma increased; death 
36 hrs. later 
8 45 Cirrhosis 13 35 2.0 ?Transfusion 36 None Died 24 hrs. later 
reaction 
9 51 Cirrhosis 66 9 1.7 Hemorrhage 8  ?Convulsions Died 6 hrs. later 
10 52. Non-alcoholic 8 4.4 1.4  ?1.V. protein 24 None Died 15 days later 
cirrhosis hydrolysates 


*No si 
t Dat 


s of coma. 


None of the patients is one of those described in this 
paper, for this phenomenon was not investigated at that 
time. The results are recorded in Table II. The blood 
saturated with oxygen from both the normal and cir- 
rhotic patients had a higher ammonia value than blood 
saturated with nitrogen, and the control value was gen- 
erally intermediate. The interpretation of arterial-venous 
ammonia differences remains difficult until the in vitro 
effects of oxygenation, recently confirmed (20), are 
further clarified. 

Glutamine was measured by the procedure of Iber and 
Bruton (21), employing an enzyme prepared from the 
kidneys of acidotic rats. Pyruvic acid and alpha-keto- 
glutarate were measured by the method of Seligson, Mc- 
Cormick, and Sborov (22). Citric acid was measured by 
the method of Ettinger, Goldbaum, and Smith (23). 
Amino acids were measured by column chromatography 
using the technique of Moore and Stein* (24). A por- 
tion of the glutamine is hydrolyzed on the column in this 
method and appears as glutamic acid. 

Monosodium glutamate was infused into two normal 
persons and eight patients with cirrhosis. All patients 
received intravenous glucose before and after study. 
Monosodium glutamate (approx. 24 gm.) was prepared 
in 500 cc. of 5 per cent glucose; the rate of infusion was 
adjusted so that glucose was given at the same rate be- 
fore, during, and after the glutamate infusion. The time, 
amount, and duration of the glutamate infusion are given 


4 These determinations were obtained through the co- 
operation of Dr. Stanley Levenson and Mr. Hyman 
Rosen. 


from the time of the first clinical diagnosis or unequivocal historical sign of decompensation. 


in Table III. Blood samples were taken in aqueous 
heparin and processed immediately for analysis. The 
samples for citric acid, pyruvic acid, alpha-ketoglutaric 
acid, glutamine, and amino acids were stored frozen until 
analyzed. 

RESULTS 
Blood “ammonia” 


The blood “ammonia” was elevated prior to 
therapy in the patients in coma (average value, 
215 uM per L.; normals, 67.6) (Table III), but 


TABLE II 
The effects of oxygen tension on blood “ammonia” 
(gamma per ml.)* 
Normals 
Oxygenation 149:-£.39 1,14 
Control Venous 1.21 0.90 1.66 1.19 1.35 1.01 
Nitrogenation 1.16 0.70 1.12 0.73 1.07 1.21 
O.—N:z Difference 0.35 0.49 0.21 0.43 0.28 —0.07 
Cirrhotics 
Oxygenation 1.03 2.08 1.42 1.67 
Control Venous 1.13 1.89 1.29 1.31 
Nitrogenation 9.91 1.54 1.31 1.23 
Difference 0.12 0.54 0.11 0.44 


difference of oxygenation—nitrogenation is 
"SE. of difference is 0.062 P < .01. 
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TABLE III 
Changes in blood levels before and after intravenous sodium glutamate 


Ammonia 
uM./L. mg./100 ml. 


Pyruvate Citrate 
uM./L. uM./L. 


Control and 


duration Before After Before After 


Before After Before After 


67.6 + 10 
166 72 88 96 


69 
160 
178 


13.0 + 1.5 73 + 16 
12.4 206 115 128 


11.3 17.8 69 71 
15.6 21.5 685 59.6 
29.7 144.5 156 260 


106.1 
468 
103 
259 
387 
433 
108 


53.3 
36.8 
33.2 
65.1 
36.2 
83.0 
23.7 


76.5 
57.5 
47.5 
83.0 
117 
60.3 
18.8 


1,510 
1,630 


123 925 


* From the authors’ laboratory. 
Ettinger, Goldbaum, and Smith (23). 
on 25 normal subjects. 

+ “Normal’’ patients. 

t Patient with cirrhosis and no signs of coma. 


Pyruvate and a 


the degree of elevation did not correlate with the 
depth of the coma. The levels tended to rise dur- 
ing the control infusions of glucose. In patient 


BLOOD AMMONIA - MICROMOLES PER LITER 


HOURS BEFORE AND AFTER START OF GLUTAMATE INFUSION 


Fic. 1. Tue Errect or GLUTAMATE INFUSION ON THE 
CONCENTRATION OF BLoop “AMMONIA” 


The numbers identify the patients in Tables I and III. 


Glutamine p< based on ten normals (21), mean citrate value taken from 


pha-ketoglutarate based on 17 normal subjects and the ammonia 


8 extremely high levels of ammonia were found, 
2,440 uM per L. initially, and values of similar 
magnitude were found in three subsequent blood 
specimens. The patient died a few hours after 
these observations. Review of the clinical in- 
formation led subsequently to the suspicion that 
this man had septicemia with a urea splitting or- 
ganism, but no blood culture was taken while the 
patient was alive and review of the pathology sec- 
tions for bacteria did not support this possibility. 
The ammonia values of this case are excluded from 
the averages and from the figures in this paper. 
Sodium glutamate was effective in lowering the 
blood ammonia in all other patients (Figure 1). 
The lowering of the blood ammonia was on the 
average 87 uM per L. or 40 per cent of the ini- 
tial value. The degree of lowering was not re- 
lated in a simple fashion to either the dose given 
or the rate at which it was given within the ranges 
employed. There was no relationship between the 
amount of lowering and the clinical changes in 


Normal values* 79.2 550-760 
1t 24gm. Glucose 70 58 229 265 : 
3% hrs. 2 hrs. 
2t 22 gm. Glucose 
3$ hrs. 1} hrs. 
; bes 3t 24 gm. Glucose 204 161 84.3 90.6 
3 hrs. 2} hrs. 
> 4a 24gm. 140 88 90 123 73.4 122 700 1,240 
23 hrs. 
b 24 gm. 138 107 
4¢ hrs. 
c 20 gm. Glucose 176 126 516 410 
5 eee 5 32 gm. 148 76 224.4 127 114 
4.5 hrs. 
. Epes 6 20 gm. Glucose 370 122 53 65 355 368 290 
7a 18 gm. 165 103 124 212 56 201 223 
63 hrs. 
es b 24 gr. Ca jee 248 149 114 107 326 130 102 1,580 
% 3 hrs. 2 hrs. 
7 8 24 gm. 2,440 3,550 90 506 154 198 1,610 
3 hrs. 
9 40 — Glucose 421 254 133 517 103 108 
3 hrs. 3 hrs. 
10 20gm. Glucose 191 158 208 990 
34 hrs. 2 hrs. 
350 
2 
100 
50 
-48 -24 324101234567 24 48 


the patient. Most of the ammonia values 24 hours 
after treatment had returned to pre-treatment 
levels. 


Alpha-ketoglutarate 


Blood alpha-ketoglutarate levels prior to the 
glutamic acid infusion were elevated from two to 
six times the normal level in the patients with 
liver coma. In four patients there was no strik- 
ing change during the control infusions of glucose. 
In eight of ten infusions of glutamic acid there was 
a rise in ketoglutarate by from one-quarter to five 
times the initial value (Figure 2); in patients 9 
and 10 there was a 25 per cent fall, possibly asso- 
ciated with a greater interval between cessation 
of the infusion and withdrawal of the specimen. 
In the study of patient 2, a normal subject, samples 
of blood were taken five minutes before the com- 
pletion of the glutamic acid infusion, five minutes, 
15 minutes, and 60 minutes after the completion. 
These data are presented in Table IV and Figure 
3. The alpha-ketoglutarate level rises by 57 per 
cent and returns to the starting level within 15 
minutes of the end of the infusion. The rapid 
changes in the levels of glutamic acid, alanine, and 
the glutamine-asparagine-serine complex are also 
to be noted. 


Pyruvate, citrate, and glutamine 


Blood pyruvate concentrations were elevated 
to two to seven times the normal in seven of 


TABLE IV 
Effect of sodium glutamate infusion on plasma substances * 


5 Min. 
after 
end 


15 Min. 60 Min. 
after after 


end end 


Glutamine, 


asparagine, 

serine ; 168 210 215 87 
Glutamic acid 112 1130 775 400 
Glycine 82 100 89 57 
Alanine 200 305 235 182 
Ketoglutarate 11.3 17.8 16.0 11.8 13.6 
Pyruvate 69.1 71.0 67.5 78.8 70.2 
Citrate 80 110 127 109 193 
Glucose 77 82 83 80 85 


. Na glutamate given over 205 minutes 


* Twenty-four ( 
ucose given at uniform rate 


to a normal subject. 
throughout the study. 

+ These came off as a group on the ion-exchange column, 
There may be loss of glutamine. 


BIOCHEMICAL CHANGES FOLLOWING INTRAVENOUS GLUTAMATE 


-48 -24 012345 67 24 
HOURS BEFORE AND AFTER START OF GLUTAMATE INFUSION 


Fic. 2. Tue Errect or GLUTAMATE INFUSION ON THE 
CONCENTRATION OF ALPHA-KETOGLUTARATE 


The numbers identify the patients in Tables I and ITI. 


eight of the comatose patients. Citrate concentra- 
tion was elevated in six out of seven instances. 
The changes produced by glutamate infusion were 
variable. Glutamine was determined before and 
after six of the glutamate infusions. Although 
there was a rise in glutamine in four of the six 
infusions, only three of these showed 2 rise equal 
in concentration to the fall in ammonia. The 


50+ GLYCINE 
50 100 150 200 210 220 


MINUTES AFTER START OF GLUTAMATE INFUSION 


Fic. 3. CHANGES IN THE CONCENTRATIONS OF RE- 
LATED METABOLITES WITH Arter CESSATION OF 
GLUTAMATE INFUSION 


Note the expansion of time scale after the cessation of 
glutamate. A 50 per cent rise and fall of ketoglutarate 
are minimized by the scale. 
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overall average change in glutamine was an in- 
crease of 96 »M per L. However, if case 4a is 
excluded there is essentially no change. 


Clinical observations 


One normal subject and the cirrhotic patient 
without coma tolerated the infusion well. The 
other normal subject had nausea, but no vomiting 
or other symptoms. Patient 5 is the only coma- 
tose patient who awakened with the infusion, and 
he remained alert for several days. The depth 
of coma seemed to lessen in patient 7 at the time 
of the first infusion but two days later the depth 
of coma increased during a second infusion. He 
died soon thereafter in coma. Patient 6 had a 
spontaneous remission from coma. Three days 
later coma recurred, and glutamic acid was given 
but did not produce a remission. 


DISCUSSION 


Glutamic acid as employed in this study was of 
little value in the treatment of the clinical mani- 
festations of hepatic coma. These observations 


confirm the experience of others (13, 14) who 


found only transient beneficial effects. It must be 
pointed out that our group of patients all had 
chronic liver disease underlying their coma, and 
that this group is most refractory to glutamic acid 
treatment (7). Coma precipitated by exogenous 
factors such as gastrointestinal hemorrhage or 
ammonium chloride has been said to respond more 
consistently (10), but no support for this could be 
found in the present study. The dose of sodium 
glutamate, approximately 24 gm., is a smaller dose 
than that recommended by Walshe (7). 


Fic. 4. ScHEeMATIC INTERRELATIONS OF METABOLITES 
ARRANGED TO SUGGEST VARIOUS MECHANISMS BY WHICH 
GLUTAMATE MAY LoweER THE BLoop “Ammonia” Con- 
CENTRATION 
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Before the biochemical changes are discussed 
two limitations of this study must be stated. All 
measurements were made on the blood, which re- 
flects only gross changes in the body. The changes 
to be described for various metabolites probably 
occur at the intracellular level or in fluid com- 
partments not in immediate equilibrium with the 
plasma. In addition, the data shown in Table IV 
and Figure 3 suggest that rapid changes in the 
blood levels at the time of cessation of the infusion 
may cause an appreciable variability in the data 
obtained from the rest of the patients. 

The blood ammonia was lowered by glutamic 
acid in all except patient 8. Thus glutamic acid 
offers an effective method for lowering the blood 
ammonia. The possible reactions that could ac- 
count for the disappearance of these quantities of 
blood “ammonia” (average 87 »M per L.) are out- 
lined in Figure 4. The only direct reaction be- 
tween glutamic acid and ammonia is No. 2, in 
which ammonia is added to glutamic acid to yield 
glutamine. Foster, Schoenheimer, and Rittenberg 
(25) have observed that the disappearance of iso- 
topically labelled NH, in the normal rat is ac- 
companied by the rapid accumulation of radioac- 
tivity in amide nitrogen, presumably glutamine. 
The possible value of this reaction for the removal 
of ammonia initially led Walshe to infuse glutamic 
acid (6). Glutamine rose in four of the six cases 
in which it was measured but in only three was the 
magnitude sufficient to account for the fall in am- 
monia. Since glutamine is not known to transfer 
the ammonia to other substances, its accumulation 
might be expected. Conversions of glutamate to 
glutamine cannot be the sole mechanism for am- 
monia removal because the glutamine actually fell 
in cases 4c and 8 and rose inadequately in cases 1 
and 7b. Bessman (26) believes that this reasoning 
is incorrect because the kidney deaminates gluta- 
mine so rapidly that it cannot accumulate in the 
blood. However, a lack of increase in glutamine 
after glutamic acid administration was also demon- 
strated by Walshe (7) and Singh, Barclay, and 
Cooke (12). 

The route of removal of infused glutamic acid 
is unknown. The dose used in this study (24 gm.) 
would represent 2,300 »M per L. in 55 liters, the 
approximate total body water of patient 2, a man 
weighing 82 kg. At the end of the infusion the 
maximum level of glutamic acid was 1,130 »M 
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per L. and the level fell to less than half of this 
value 15 minutes after cessation of the infusion 
(Table IV, Figure 3). At no time were there 
rises in the glutamine to account for disappearance 
of this magnitude of glutamic acid. In patient 1 
approximately 5 per cent of the infused glutamate 
appeared in the urine as an increase in alpha amino 
nitrogen excretion. 

The rise in ketoglutarate in eight of the ten cases 
seemed directly related to the infusion of glutamate 
(Figure 2). There are two principal routes by 
which glutamic acid can give rise to ketoglutarate 
(Figure 4), reaction No. 3 in which ammonia is 
released, and reaction No. 6, the transamination 
reaction, in which one molecule of glutamic acid 
reacts with the keto-acids pyruvic or oxaloacetic 
to yield, respectively, alanine or aspartic acid and 
one molecule of ketoglutarate. The latter reaction 
does not produce ammonia. 

The observations in Table IV show that alanine 
increases after sodium glutamate infusion. This 
amino acid was measured before and after sodium 
glutamate infusion in one additional normal per- 
son and in three patients in hepatic coma, and it 
consistently increased in all after the infusion. 
The details of these observations are reported in a 
subsequent paper (27). The loss of glutamic acid 
and the gain of alanine by the plasma suggest that 
transamination (No. 6, Figure 4) is occurring. 
Pyruvic acid would therefore be expected to disap- 
pear at the same time. This disappearance was not 
observed, but glucose was being infused rapidly 
(approximately 700 »M per min.) in these pa- 
tients and would serve to maintain the pyruvate 
level. The transamination reaction would also 
produce ketoglutarate. The ketoglutarate, once 
formed, may return to glutamic acid by reaction 
No. 4 and in this process would remove a mole- 
cule of free ammonia. 

Walshe (7) presented data showing changes 
in ketoglutarate following glutamate infusions 
which are similar to these reported here, though 
he did not consider the rise in ketoglutarate sig- 
nificant. Pyruvic acid and citric acid levels were 
high in our study and thus confirm the observations 
that both are high in patients with liver disease 
(22, 28). However, the levels did not show 
consistent changes after the infusion of glutamate. 
Klingmiiller and associates (29, 30) studied the 
disappearance of infused glutamic acid in rabbits. 
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They found that the level of serum glutamic acid 
returned to normal in two hours after the injec- 
tion of 2 mM per kg. and it disappeared on a 
logarithmic curve. This is approximately the 
dose used in the present study. Klingmiiller and 
his co-workers also found that ketoglutarate and 
alanine rose in the serum and in their animals the 
pyruvate level fell. 

From these data we believe that glutamate 
lowers the blood ammonia by more than one 
mechanism: First, the combination of glutamic acid 
with ammonia to form glutamine, and second, the 
conversion of glutamic acid to ketoglutarate by 
transamination and the subsequent recombination 
of ketoglutarate with ammonia to form glutamic 
acid. This conclusion is based to a large degree 
on our inability to demonstrate a rise in glutamine 
comparable in each case to the fall in blood am- 
monia. The glutamine method employed, though 
not specific for glutamine, would be expected to 
produce results that are correct or erroneously 
high, but never erroneously low. The suggestion 
of Bessman (26) that the kidney was rapidly re- 
moving the glutamine by the formation of urinary 
ammonia was not investigated. 

The biochemical changes observed following an 
infusion of glutamic acid were similar in the nor- 
mal subjects and the patients with liver disease. 
Additional data on this point are presented else- 
where (27). 


SUMMARY 


Sodium glutamate was infused intravenously a 
total of 13 times in two normal subjects and eight 
patients with cirrhosis. 


1. The blood “ammonia” levels fell in 11 of 12, 
and the blood alpha-ketoglutarate levels rose in 8 . 
of 10 instances, and the changes in blood pyruvate 
and citrate were variable. 

2. Glutamine levels showed variable changes but 
did not rise sufficiently in all cases to account for 
the lowering of the blood “ammonia.” 

3. The pattern of response to the glutamic acid 
infusion was similar for normal subjects, patients 
with cirrhosis, and patients with hepatic coma, 
although the initial levels of these substances 
were elevated in the patients with cirrhosis. 

4. Only one of seven patients in hepatic coma 
showed a suggestive clinical response to sodium 
glutamate infusion. 


/ 
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ULTRACENTRIFUGAL CHARACTERIZATION OF THE LIPOPROTEIN 


SPECTRUM IN OBSTRUCTIVE JAUNDICE: STUDIES OF SERUM 
LIPID RELATIONSHIPS IN INTRA- AND EXTRAHEPATIC 


The alterations in serum lipids accompanying 
obstructive jaundice have long been a matter of 
considerable interest. In the absence of significant 
hepatic failure, biliary obstruction of either intra- 
or extrahepatic type often results in markedly in- 
creased serum total cholesterol and phospholipid 
levels. The increase in serum phospholipid con- 
centration may be relatively greater, resulting in an 
increased phospholipid:total cholesterol ratio. 
Since the increment in serum total cholesterol is due 
mainly to increase in the unesterified cholesterol 
fraction, the ratio phospholipid:free cholesterol 
may be more meaningful. This ratio, according 
to Jackson, Wilkinson, Hand, Waldron, and Vogel 
(1), has a minimal limiting value (by weight) of 
2, suggesting a homeostatic mechanism operating 
to maintain a molar ratio of at least one phospho- 
lipid molecule per molecule of unesterified plasma 
cholesterol. 

With the development of techniques such as 
ultracentrifugal flotation, paper and zone electro- 
phoresis and plasma protein fractionation, the se- 
rum lipids and lipoproteins in biliary obstruction 
have again come under scrutiny. The serum lipid 
distribution in biliary obstruction has been studied 
by Barr, Russ, Eder, and their co-workers (2-4) 
employing Cohn method-10 (5) for lipoprotein 
fractionation. They found increased amounts of 
cholesterol in fractions IV+V+VI (“alpha 
lipoproteins”), mostly in the free form, and in- 
creased amounts of phospholipids in fractions I + 

1 This work was supported in part by research grants 
from the National Heart Institute, National Institutes of 
Health, U. S. Public Health Service (H-1429 and 
H-1694), the Smith, Kline and French Foundation, and 
the Oklahoma State Heart Association. 

2? Dr. Conrad’s work was done during the tenure of an 
American Heart Association Research Fellowship. 
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III (“beta lipoproteins”). Kunkel and Slater 
(6), utilizing zone electrophoresis, noted marked 
reduction in alpha lipoprotein in biliary cirrhosis, 
together with increased amounts of phospholipid- 
rich lipid having the same relative mobility as 
normal beta lipoprotein. Partial ultracentrifugal 
characterization of the serum lipoproteins in ob- 
structive jaundice by McGinley, Jones, and Gof- 
man (7) indicated an increase in S- 0-10 and 
10-20 lipoproteins, usually with a rather sharp 
cut-off in the analytical pattern at 17. The 
present authors extended the centrifugal charac- 
terization of the serum lipoproteins in obstructive 
jaundice by employing a solvent density of 1.21 
gm. per L. (8). Markedly reduced or absent high 
density (> 1.063) lipoproteins and few, if any, 
low density lipoproteins of flotation rate greater 
than — S,.., 40-70 (S-¢ 10-20) were reported to 
characterize the serum lipoprotein spectrum in 
biliary obstruction. This centrifugal characteriza- 
tion was subsequently confirmed and amplified by 
other workers (3, 9, 10). 

We wish to report additional observations in 28 
patients with biliary obstruction, particularly with 
respect to correlations found to exist between 
esterified cholesterol and high density lipoprotein 
concentrations. 


SUBJECTS AND METHODS 


Patients with jaundice were selected for this study 
primarily from the hospitals of Oklahoma City. In most 
instances the etiology of the jaundice was clearly estab- 
lished by clinical course, biopsy or autopsy. When prac- 
ticable, convalescent sera were obtained. Those subjects 
in whom exact diagnoses were not possible are listed as 
“unclassified jaundice,” and the probable diagnosis is 
indicated. 
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No. 
Type cases 
3Pericholangiolitic biliary cirrhosis (11, 12) 2 
Biliary cirrhosis secondary to extrahepatic ob- 
struction 
Common duct obstruction due to a variety of 
lesions 6 
Primary hepatoma 4 
Metastatic Ca of liver, primary breast 2 
Cholecystitis and cholangitis 1 
Infectious hepatitis 2 
Homologous serum hepatitis 3 
Unclassified 6 
Total 28 


The van den Bergh reaction was utilized as a measure 
of serum bilirubin (upper normal values, total: 0.7 mg. 
per cent, direct: 0.4 mg. per cent) which, together with 
the alkaline phosphatase level (normal 2.0 to 4.5 Bodan- 
sky units per 100 ml.) provided an index of the degree 
of biliary obstruction. It is recognized that, in those 
subjects with metastatic carcinoma, some of the elevation 
in alkaline phosphatase levels might be due to the pres- 
ence of osteoblastic activity resulting from osseous meta- 
stases. Cephalin flocculation (normal: up to 2+ in 48 
hours) and thymol turbidity (normal: 0 to 4 units per 
100 ml.) provided a rough index of the extent of hepatic 
functional impairment. 

Post-absorptive serum was used for all lipid and lipo- 
protein determinations. Preparative ultracentrifugation 
was carried out according to the method of Green, Lewis, 
and Page (13, 14), in the Spinco Model L ultracentrifuge 
at 17° centigrade for 13 hours utilizing the 30.2 retor at 
30,000 r.p.m. (79,240 X gravity), solvent density 1.21 g. 
per ml. For preparative centrifugation 2.00 grams of 
finely divided KBr were placed in each 10.5-ml. lusteroid 
centrifuge tube, 3.00 ml. of a 23.2 per cent solution of 
NaCl in water and 5.0 ml. of serum added. 

Analytical centrifugation was accomplished 
Model E ultracentrifuge utilizing an “A” 


3 We are indebted to Dr. H. E. MacMahon, Depart- 
ment of Pathology, Tufts College Medical School, for 
review of liver biopsies and verification of the diagnosis 
in these two patients. 

*It has been suggested that this method of preparative 
centrifugation fails to float all the cholesterol (9). Analy- 
ses of infranatant fractions obtained in the authors’ labora- 
tory after preparative centrifugation by this technique 
have revealed a mean of 2.6+0.8 per cent of the total 
native serum cholesterol concentration in 72 sera from 
healthy subjects, and a mean of only 0.3 + 0.3 per cent in 
63 infranatant fractions in biliary obstruction (15). 
These observations have been extended and the ade- 
quacy and reproducibility of the removal of the top frac- 
tion by pipetting has been compared with a tube slicing 
method. We are satisfied that this method of preparative 
centrifugation is adequate and reproducible. The ex- 
planation for the higher lipoprotein values reported by 
Havel, Eder, and Bragdon (9) utilizing a cholesterol- 
concentration product is outside the parameters of this 
paper. 


in the 
rotor at 
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52,640 r.p.m. (215,000 X gravity) 26.0+0.5° centigrade. 
Analytical ultracentrifugation was sometimes repeated 
at a lower concentration, in order to provide — S,.., 25-40 
(S¢ 0-12) and 40-70 (Sz 12-20) lipoprotein patterns free 
of obscuring refractive bands. All planimetry in this 
study was done in triplicate by the same observer. High 
density — S,.., 0-12 lipoprotein peak areas were usually 
determined in the patterns obtained after centrifugation 
at a five-fold concentration (5 C,) and the beta lipoprotein 
peak areas after centrifugation at 2 C, or 3 C,. This per- 
mitted planimetry of maximum peak areas at the same 
time eliminating the need for extrapolation or other 
means of approximation. Strict attention was not paid 
to minor variations in flotation rates of the major lipo- 
proteins nor was correction for Johnston-Ogston effects 
attempted. Conversion of area in square millimeters to 
milligrams per cent lipoprotein was accomplished utiliz- 
ing formulation presented at the Technical Symposium 
of the Technical Group, Committee on Lipoproteins and 
Atherosclerosis, National Advisory Heart Council, 1952. 

Total and unesterified cholesterol were determined es- 
sentially by the method of Sperry and Webb (16) and 
lipid phosphorus by a modification (17) of the method of 
Youngburg and Youngburg (18). 


RESULTS 


It was deemed necessary to provide an index of 
the reduction in the high density — S,.., 0-12 lipo- 
protein concentration accompanying biliary ob- 
struction which would have meaning over a wide 
range of serum cholesterol values, and the values 
of the ratios — S,.,, 0-12 lipoprotein:total cho- 
lesterol and — S,.,, 0-12 lipoprotein: free choles- 
terol were selected for this purpose. The values of 
these two ratios closely approach each other as the 
esterified serum cholesterol fraction falls to very 
low levels. The values of these ratios in jaun- 
diced subjects were then compared to those ob- 
tained from 36 and 26 sets of observations on 16 
and 14 healthy male subjects, respectively, rang- 
ing in age from 20 to 72. Studies from this labora- 
tory and from Lewis and Page (19) indicate that, 
in healthy subjects, the lowest — S,.., 0-12 lipo- 
protein concentrations for any given serum cho- 
lesterol concentration are seen in adult males. 
Since the values for the ratios — S,.., 0-12 lipo- 
protein:total cholesterol and — S,., 0-12 lipo- 
protein:free cholesterol were not normally dis- 
tributed, but evidenced marked skewing to the left, 
the distributions were normalized by logarithmic 
transformation. The mean value of the ratio 
— S,.2; 0-12 lipoprotein: total cholesterol, plus or 
minus two standard deviations, included all but 
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one (94 per cent), i.e., the lowest of the 36 values 
for this ratio in the 16 healthy male subjects. The 
mean value less two standard deviations, namely 
0.731, was then selected as the value below which 
the — S,.,, 0-12 lipoprotein:total cholesterol ratio 
of a patient must fall in order to be considered ab- 
normally low. The mean value of the ratio — S, ., 
0-12 lipoprotein:free cholesterol, plus or minus 
two standard deviations, included all (100 per 
cent) of the 26 values obtained in the 14 healthy 
male subjects. The lowest value for this ratio 
observed in the normal subjects, namely 2.63, was 
therefore selected as the level below which the 
value of the ratio — S,., 0-12 lipoprotein: free 


“$40-70 8-25-40 0-10 


Pr. M.L., FEMALE, AGE 63, WITH CHOLELITHIASIS AND MINIMAL BiLiary CirRHosIs—REP- 
RESENTATIVE ANALYTICAL ULTRACENTRIFUGE PATTERNS OF IcTERIC (PREOPERATIVE) AND Post-ICTERIC 
(PostToPERATIVE) STAGES OF HER ILLNEss 


Fic. 1. 


The interval between the above analyses is approximately 3 months. 
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cholesterol in a patient must fall to be considered 
abnormal. 

The table contains the pertinent clinical and 
laboratory data resulting from this study. In- 
spection of the data reveals that moderate to 
marked reduction of high density lipoprotein con- 
centrations, evidenced by — S,.., 0-12 lipoprotein: 
total cholesterol and — S,.,, 0-12 lipoprotein: free 
cholesterol ratios below 0.73 and 2.63, respectively, 
characterize obstructive jaundice of many differ- 
ent etiologies. In the two subjects with pericho- 
langiolitic biliary cirrhosis (DP and CD) no evi- 
dence of — S,., 0-12 lipoproteins was detected 
in more than 100 sera. The — S,,, 0-12 lipo- 


-$ 0-10 0-10 


Additional preoperative serum 


data include: total cholesterol 249 mg. per cent (esters 33 per cent), lipid phosphorus X 25 = 475 mg. per 
cent phospholipid, van den Bergh 7 mg. per cent (total), alkaline phosphatase 11 Bodansky units per 100 
ml, The post-icteric pattern was associated with the following laboratory data: total cholesterol 211 mg. 
per cent (esters 64 per cent), lipid phosphorus X 25 = 325 mg. per cent phospholipid. In the upper (ic- 
teric) pattern the — S,.., 0-12 lipoprotein peak is small, there is a heavy refractive band in the — S,.. 
25-40 (Sz 0-12) region indicating a high lipoprotein concentration and a distinct — S,.2, 40-70 (Se 12-20) 
component is visible. The lower patterns show a greater than 3-fold increase in the — S,.., 0-12 lipopro- 
tein concentration, a reduced — S,., 25-40 lipoprotein concentration and virtual disappearance of the 
— S,.2, 40-70 class of lipoproteins. (Both analyses at 5 C,.) 


6 MIN. 12 22 30 38 
40-70 
28-40 -.80-10 -s0-10 -$0-10 
-$40-70 
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TABLE 
Lipoprotein spectrum and hepatic 


van den Bergh 


Patient / Diagnosis 


Total cholesterol 
Per cent esterified 


units/100 cc. serum 
me. % 


Alkaline 
phosphatase, B.U. 
Thymol turbidity 
Cephalin 
flocculation 

(48 hours) 

Mg. % Lipid P 


Total Direct 


1953-54 
& 55 F Primary (xanthomatous) biliary 36.2 
cirrhosist 
1954-55 F Primary (xanthomatous) biliary 19.7.) 
cirrhosist 
2-13-54 F Early biliary cirrhosis, cholelithiasis 10.5 6.3 
5-4-54 0.67 0.28 


A 


n 
4 


1-19-54 Biliary cirrhosis, carcinoma head of 21.6 
pancreas 

4-5-54 Common duct obstruction, gastric 
carcinoma 

4-12-54 

12-8-53 


4-20-54 
12-1-53 

2-3-54 

1-19-54 


Common duct obstruction, carcinoma 
head of pancreas 

Common duct obstruction, carcinoma 
common duct 

Common duct obstruction, carcinoma 
head of pancreas, liver 

Common duct obstruction, 
choledocholithiasis 

Common duct obstruction, post 
operative adhesions 


& 


4-6-54 
10-25-54 Hepatoma, Laennec’s cirrhosis 
11-29-54 

3-10-54 


Hepatoma 

Hepatoma 

Hepatoma 

Metastatic carcinoma liver, primary 
breast 

Metastatic carcinoma liver, primary 
rectum 

Cholecystitis, pericholangitis 

Infectious hepatitis 


BAR 


ES 


27 = 
DA Awom ow 5S 


wom 


= 


Infectious hepatitis 


Homologous serum jaundice 


= 


Homologous serum jaundice 


Homologous serum jaundice 


Laennec’s cirrhosis, jaundice 
Unclassified: probable post-hepatitis 
cholangiolitic cirrhosis 


Unclassified cirrhosis 
Unclassified cirrhosis 


Probable cirrhosis, unknown type 

Undiagnosed disease, no jaundice 

Undiagnosed jaundice and 
hepatosplenomegaly 


* “Normal” values in mg. per cent for lipoproteins determined by the method used in this study are as follows 
(20, 36): —Si.21 > 70 = 36.7 + 3.8; —Si.21 40-70 = 24.2 + 1.8; —Si.21 25-40 = 250 (approximately 20 per cent of 
males and 9 per cent of females have values in excess of 250 mg. per cent); —Si.21 20-25 = 11.6 + 1.8; —Si.21 1-12 
= 176.9 + 6.5. 
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Date 
—— 
45.0 
2° 33 19.0 
211 69 12.7 
64 233 18 204 
44 74 301 22 25.0 
10.0 33719 25.1 
5 
eee CK 74 2 
WRJ 68 
CJ] 64 
1-19-55 HB 58 
2-11-54 MB 47 
1-20-55 MV 51 
1-19-54 NB 38 
3-5-54 MS 10 
; 10-24-54 MS 
7-16-55 MS 
3-9-54 PM 29 
4 3-12-54 PM 
; 12-27-54 LW 57 
2-8-55 LW 
3-23-54 LD 35 
10-23-54 LD 
4-3-54 EP 22 
10-2-54 EP 
7-18-55 EP 
10-2-53 Van 48 
8-27-54 JA 15 
8-30-54 56 
9-1-54 Ji 26 
: 9-3-54 JA 288 169 4.7 2.9 26 
3-29-55 GN 55 M P| 1.1 06 19 16 4+ 186 54 
7-30-54 LG 54:F 149 65 6.4 134 62 
$254 LE 4+ 113 60 
8-18-54 105 
Be 3-2-54 JG 77 M 18.9 17.3 4+ 185 29 
5-19-54 GK 77 M 154 62 
; 1-5-55 GK 61 28 
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I 
function in obstructive jaundice Se 


a 
als Lipoproteins mg. %* = 
370 40-70 25-40 20-25 -12 le 
221 287 664.8 704.4 Absent Absent 0.00 0.00 7.8/3.9 Liver biopsy 
2.19 2.74 766 571.1 Absent Absent 0.00 0.00 8.9/4.0 Liver biopsy 
1.91 2.84 99 Obscured 12 104 0.41 0.62 6.8/3.4 Liver biopsy 
1.51 4.82 32 Obscured 12 344 1.63 5.20 7.0/3.4 2} months postoperative, no e 
jaundice 
Obscured 5 47 0.20 80.24 Liver biopsy 
2.08 2.68 77 Obscured 4.5 123 0.41 0.53 
1.86 2.30 99 Obscured Absent 120 0.36 Laparotomy 
120 Obscured 5 62 O21: C33. —S 40-70, triple peak. 
Laparotomy 
229 29 Obscured Absent 72 O13... 0:43 Laparotomy 
3.34 30 Obscured 20 16 0.10 Laparotomy : 
50 187 Absent 86 0.68 1.12 7.2/2.6 Laparotomy 
1.72 3.88 32 Obscured 14 239 1.02. 2.32 Laparotomy 
1.58 4.46 35 Obscured 9 492 1.80 5.07 
3.00 5.21 31 151 3.6 7 0.11 0.19 6.55/3.54 Aan. Ceph. floc. 4+ at 24 
ours 
2.16 120 254 7 29 0.09 6.7/2.6 Autopsy 
1.50: 2.31 23 Obscured 12 9 0.09 0.14 3.7/1.6 Autopsy 
2,15: 86 542 Absent 72 O24. Liver biopsy 
2.21 2.60 133 Obscured 17 16 0.027 0.036 Liver biopsy, clinically jaundiced 
1.64 1.84 92 81 139 Absent 158 136. 133°: Laparotomy 
1.95 2.80 54 Obscured 3.6 43 0.18 0.25 Liver biopsy 
1.93 1.98 76 94 Obscured 38 110 0.25 G20: 6.5/7 
1.68 5.36 1.8 117 14 250 Clinically well, asymptomatic 
1.64 6.45 14 102 21 222 1:82: 7.46 Clinically well, asymptomatic 
Si... 35 Obscured 9 85 0.46 0.78 6.2/2.3 4+ in 24 hours. 
linically jaundiced 
1.61 284 1.8 105 0.43 1.22 
1.79 4.08 61 50 320 14 279 TAL: 3.23 Liver function tests all normal 
2.40 2.93 94 Obscured Absent 102 0.68 0.83 7.8/3.9 Cephalin 4+ at 24 hours 
1.62::5.47 42 151 14 197 1.29 4.00 Asymptomatic 
1.85 4345" Obscured 15 90 0.59 Cephalin 4+ at 24 hours 
1.28 4.64 86 52 291 12 161 0.72 2.61 van den Bergh normal 5-7-54 
1.53 4.29 105 198 12 165 0.89 2.48 Asymptomatic 
OBS 23:47 = SE. 72 Obscured 8.5 79 0.15 048 5.4/3.0 Still jaundiced 2 years later 
3.65 9 102 1.8 5 0.18 8.7/6.1 Liver biopsy 
1.39 14 87 1.8 11 0.20 
4.04 13 90 5 9 0.36 
4.04 16 86 4.5 16 0.63 7.1/4.8 
LS ae. 72 SS 267 3.6 182 0.98 2.11 7.4/4.6 Liver biopsy 
1.72 431 36 159 4.5 169 1:27. 
2:47; 25 157 8 142 3. 
2.00 23 161 10 64 0.60 
2.05 2.88 80 Obscured Absent 41 O23" 0.32. 05/32 Liver biopsy not diagnostic 
1.33 3.48 32 Obscured 3.6 121 0.78 2.03 
2.79 3.86 41 128 Absent 73 Deeply jaundiced, deceased 1-7-55 


+ Values reported are means of serial observations made over 2-year pins 
t Values reported are means of serial observations made over 6-mont 


period. 
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protein:total cholesterol ratio was determined in 
all 28 patients and in 23 it fell below 0.73. One 
of the five patients whose ratios exceeded this 
value had a value of only 0.78 (GK). The — S,.., 
0-12 lipoprotein: free cholesterol ratio, determined 
in 25 of these patients, fell below 2.63 in 24 cases. 
One or both ratios were abnormally low in 27 of 
the 28 patients in the study. As a rule the lower 
values of these ratios were seen in the more deeply 
jaundiced patients, but there were exceptions (¢.g., 
LG). 

When jaundice subsides following relief of ob- 
struction, high density — S,., 0-12 lipoprotein 
levels increase (Figure 1), serum free cholesterol 
levels return toward normal (if previously ab- 
normal) resulting in an increase in the per cent of 
cholesterol esterified, and the ratios — S,.,, 0-12 
lipoprotein: total cholesterol and — S,.,, 0-12 lipo- 
protein: free cholesterol increase to or above values 
for the normal adult male. As improvement con- 
tinues, elevated concentrations of low density 
— S,.2,; 25-40 and 40-70 lipoproteins fall toward 
normal, resulting in increased —S,., (0-12/ 
25-70) lipoprotein ratios. If progressive disease 
is present, further decrease in the value of these 
ratios is usually noted. 

The data indicate that most of the serum cho- 
lesterol and phospholipids, even when markedly in- 
creased in amount, are present as low density 
— Si2,; 25-40 (S- 0-12) lipoproteins, and to a 
lesser degree, as lower density lipoproteins of 
— 40-70 (Sy 12-20) class. Inhomogeneity 
of the low density group of lipoproteins was oc- 
casionally evidenced by the appearance of multiple 


t 
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peaks in the — S,.., 40-70 region of the analytical 
patterns (Figure 2). 

The presence of low density lipoproteins of 
flotation rates in excess of — S,.., > 70 (S_¢ > 20) 
was noted in only eight subjects, and no correla- 
tion was apparent between these low density lipo-. 
proteins and other laboratory or clinical data, with 
the possible exception of hepatitis, since five of six 
subjects with either homologous serum jaundice 
or infectious hepatitis exhibited relatively small 
amounts of these lipoproteins. 

It is of interest to note that the value of the 
ratio phospholipid: free cholesterol was less than 
2.0 in only three subjects (MV, metastatic carci- 
noma, 1.84; MS, and PM, each with infectious 
hepatitis, 1.98 and 1.79, respectively). This study 
amply confirms the observations of Jackson and 
his co-workers (1) mentioned previously. In this 
regard it is of further interest to note that phos- 
pholipid:free cholesterol ratios in native serum as 
well as in Cohn fractions IV + V + VI, and I+ 
III in a healthy woman and in a woman with pri- 
mary biliary cirrhosis, calculated from the data of 
Table I in the paper by Russ, Raymunt, and Barr 
(10), do not exceed the value 2.0 in any instance. 

There is a positive correlation between the se- 
rum albumin and total cholesterol levels (r= 
0.585, significant at the 0.02 level) in the 15 sub- 
jects in whom a total of 17 albumin levels was 
determined. 


DISCUSSION 


The mechanism or mechanisms responsible for 
the increment in serum free cholesterol and phos- 


20. 


4 


Fic. 2. Patrent O.C., Mate, Ace 74, with Common Duct Osstruction DuE To CARCINOMA OF THE 
HeapD OF THE PANCREAS—ANALYTICAL ULTRACENTRIFUGE PATTERN AT 5 C, SHOWING THREE “SuB-SPECIES” 
oF Low Density Lipoproteins UNpERGoING FLOTATION WITHIN THE Limits — §,.2, 40-70 (No.’s 1, 2, AND 3) 

The principal lipoprotein peak (No. 4) is obscured by a refractive band due to the high concentration pres- 
ent. The No. 5 peak is a high density lipoprotein here undergoing flotation at an average rate of approxi- 
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pholipid levels, and for the failure of the esterified 
cholesterol fraction to increase, are not understood. 
Simple retention of bile, increased plasma cholate 
(20), alteration in serum cholesterol esterifying 
enzyme activity (21, 22) and increased hepatic 
cholesterol synthesis (23) have been suggested in 
explanation. While as much as 50 per cent of the 
cholesterol absorbed from the intestinal tract is 
present as cholesterol ester in the thoracic duct 
lymph (24), animal studies by Friedman and 
Byers (25) indicate that the liver is importantly 
concerned with the supply as well as withdrawal 
of plasma ester cholestero!. Inability of the liver 
to remove cholesterol from the blood for esterifica- 
tion may be an important reason for the relatively 
or absolutely low levels of plasma ester cholesterol 
commonly seen in biliary obstruction. Inspection 
of the table indicates that in only one instance 
(Van) out of 37 determinations did the absolute 
level of esterified cholesterol exceed the upper 
range of normal for this fraction (200 mg. per 
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Fic. 3. SeMILOGARITHMIC PLot oF PER CHOLES- 
TEROL Ester (ORDINATE) AS A FUNCTION OF THE RATIO, 
— 0-20 LipoproTeIn : UNESTERIFIED CHOLESTEROL 
(Apgscissa), IN 26 SuBJECTS DURING IcTERIC AND Post- 
Icrertc PHASES OF HEPATOBILIARY DISEASE 


The coefficient of correlation (r) between these two 
functions is 0.77 (p< 0.001), z (35) value 1.02 + 0.155. 
The regression equations are: y = 33.9 X + 41.8 and x= 
0.018 y — 0.683. 
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Fic. 4. Piotr oF ESTERIFIED CHOLESTEROL 
CONCENTRATION (ABSCISSA) AS A FUNCTION OF THE 
— S,.2, 0-20 LipoproreIn CONCENTRATION (ORDINATE) 


The coefficient of correlation (r) between these two 
functions is 0.68, (p<0.001) z value 0.82+0.18. The 
regression equations are y = 0.3x + 36.6 and x =1.5 y+ 
16.8. 


cent), while 15 determinations were below the 
lower range of normal (70 mg. per cent). The 
remaining values were within commonly accepted 
normal limits by the methods employed for their 
determinations. 

Because reduced — S,.,, 0-12 lipoprotein con- 
centrations and —S,., 0-12  lipoprotein:free 
cholesterol ratios, as well as lower esterified cho- 
lesterol fractions, are common to obstructive jaun- 
dice, these data were examined for possible cor- 
relations. In Figure 3 the value of the ratio 
— S,..; 0-12 lipoprotein: free cholesterol is plotted 
semilogarithmically as a function of the per cent 
esterification of the serum cholesterol in 26 pa- 
tients in whom these data are available from 45 
determinations. In Figure 4 the concentration 
of esterified cholesterol is plotted on rectilinear 
coordinates as a function of the — S,.,, 0-12 lipo- 
protein concentration in these same _ subjects. 
Both plots show a highly significant positive cor- 
relation. It is possible therefore to predict the 
— S,.., 0-12 lipoprotein concentration in patients 
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with obstructive jaundice from knowledge of either 
the concentration of the cholesterol esters, or the 
total or free cholesterol concentration, together 
with the per cent of cholesterol esterified. 

The metabolic significance of these correlations 
is not evident from this study. Several possibili- 
ties suggest themselves. The factors responsible 
for the relative inability of the liver to esterify 
cholesterol in obstructive jaundice, or for the re- 
duction in cholesterol-esterifying enzyme activity, 
may retard or otherwise inhibit the synthesis of 
high density lipoproteins. Alternatively, these 
factors may modify the lipid composition of these 
lipoproteins, reducing their density. 

From the serum of healthy subjects Cohn frac- 
tions IV + V + VI yield lipoproteins which ap- 
pear to be similar to if not identical with the high 
density — S,.., 0-12 lipoproteins. It is clear that 
this similarity no longer exists in obstructive 
jaundice, since in this disorder the lipid recovery 
from Cohn fractions IV + V + VI is increased (2, 
3,9, 10). It is possible that high density — S,.., 
0-12 lipoproteins acquire additional lipid in ob- 
structive jaundice, thereby rendering them “low 
density” lipoproteins, but retain solubility char- 
acteristics that determine their presence in the 
Cohn fractions [V+ V+ VI. Other differences 
have been suggested by Russ, Raymunt, and Barr 
(10). Reported analyses of the high density 
(> 1.063) lipoproteins found in the serum of pa- 
tients with biliary obstruction are scant (9, 10) 
and do not take cognizance of the relatively large 
“lipid” phosphorus fraction (5 to 10 per cent of 
the “lipid” phosphorus concentration of native 
serum) found in the 1.063 and 1.21 “infranates” 
which is insoluble in petroleum ether (9 adden- 
dum, 15). Further studies of these lipoproteins 
are necessary. 

The observations we have been able to make in 
two patients with metastatic carcinoma of the liver 
(MB and MV) are of interest in view of the re- 
ports by other workers (26, 27) in which low 
“alpha” lipoprotein levels were noted in advanced 
carcinoma of the breast, especially when bone meta- 
stases were present. It is possible that the re- 
duced “alpha” lipoprotein concentrations in these 
patients are due in significant measure to liver 
metastases which lead to some degree of biliary ob- 
struction. The lowest values for the ratios — S,.., 
0-12 lipoprotein: total cholesterol and — S,.,, 0-12 
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lipoprotein: free cholesterol in the studies reported 
here were noted in the subject with carcinoma of 
the breast with metastases (MB). High density 
— S,.., 0-12 lipoproteins are readily diminished 
by androgenic and increased by estrogenic steroids 
(28). Studies of the serum lipoproteins in pa- 
tients with breast cancer, therefore, must take 
cognizance of any recent therapy with gonadal 
steroids or related compounds. 

It is likely that a variety of types of liver dam- 
age may reduce the ability of the liver to synthe- 
size high density lipoproteins. Total body radia- 
tion studies described by Entenman, Neve, and 
Olmstead (29) and by others (30) suggest the 
possibility that liver damage may result from such 
radiation and be reflected in the plasma by a re- 
duced level of high density lipoproteins. In view 
of the increase in high density lipoprotein concen- 
tration caused by estrogen administration, it is 
interesting to speculate on the mechanism of the 
protection against acute radiation mortality that 
estrogens afford (31-34). 


SUMMARY AND CONCLUSIONS 


Serum lipid and lipoprotein determinations were 
made in 26 subjects with obstructive jaundice of 


varying etiology. Ultracentrifugation employing 
a solvent density of 1.21 g. per ml. was utilized for 
lipoprotein analysis. 

The following conclusions were derived : 

1. Obstructive jaundice, regardless of type, is 
characterized by: (a) reduced or absent high- 
density (> 1.063) lipoproteins of flotation rate 
— S,.., 0-20; (b) increased — S,., 25-40 and 
— S,.., 40-70 lipoproteins. 

2. Low density lipoproteins of the flotation rate 
class — S,.., 70-100 may be present in the serum 
from patients with homologous serum hepatitis, 
but as a rule are absent in other types of obstruc- 
tive jaundice. 

3. There exists a highly significant and posi- 
tive correlation between the per cent esterification 
of serum cholesterol and the logarithm of the ratio 
— S,.., (+20 lipoprotein:free cholesterol. (This 
ratio was selected to provide an index of high den- 
sity lipoprotein levels in relation to the serum 
cholesterol concentrations. ) 

4. There exists a highly significant and positive 
correlation between the concentrations of esteri- 
fied cholesterol and — S,.., 0-20 lipoproteins. 
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5. The concentration of high density lipopro- 
teins in obstructive jaundice may be predicted from 
knowledge of either the concentration of the cho- 
lesterol esters or the total or unesterified choles- 
terol concentration together with the per cent of 
cholesterol esterified. 
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Net movement of potassium between cells and 
extracellular fluid has been demonstrated in a 
variety of experimental conditions by direct analy- 
sis of muscle, by metabolic balance techniques, and 
by measurement of differences in potassium con- 
centration in arterial blood and venous blood drain- 
ing muscle. It has, for example, been demon- 
stated that potassium leaves muscle during exer- 
cise, anoxia, potassium depletion, and under the 
influence of acidosis and of adrenal cortical hor- 
mones (1). 

The present study demonstrates that there are, 
in addition, diurnal fluctuations in movement of 
potassium between skeletal muscle and extra- 
cellular fluid. Net movement of potassium be- 
tween plasma and muscles of the forearm has been 
determined in human subjects by a technique 
which permits continuous monitoring of move- 
ment of potassium in relatively undisturbed muscle. 
Concentration of potassium is measured in arterial 
plasma and in venous plasma draining the deep 
forearm tissues. Plasma flow through the forearm 
is measured by the dye-dilution method (2). The 
product of flow, F, and the difference in arterio- 
venous concentration, A-V, defines O, the net 
quantity of potassium entering or leaving the fore- 
arm tissues per unit time. 


METHODS 


In vivo studies. Twenty-one male subjects (16 medical 
students and laboratory personnel and five convalescent 
ambulatory patients) were studied in the basal state 
between the hours of 10 A.M. and 1 P.M. Three medical 


1 This work was performed under a contract between the 
Office of Naval Research, Department of the Navy, and 
The Johns Hopkins University (NR 113-241) and was 
further supported by grants-in-aid from the National In- 
stitutes of Health, Department of Health, Education, and 
Welfare (A-750), and the Muscular Dystrophy Associa- 
tions of America, Inc. 


students, including two of the 21 subjects above, were 
also studied throughout the night and morning hours; 
i.e., from 10 P.M. to 11 A.M. Studies of carbohydrate 
metabolism in the first 13 of these subjects have been re- 
ported elsewhere (3, 4) and subject numbers in those 
papers correspond to those reported here. All subjects 
had their last meals between 6 and 7 P.M. and were 
at rest for at least one hour before blood was sampled. 
The arm was supported comfortably, and there was no 
overt activity of the forearm muscles during the period 
of study. Blood from the hand was eliminated by in- 
flating to above systolic pressure a cuff about the wrist, 
applied five minutes prior to blood sampling. Blood was 
collected in heparinized syringes; metabolic inhibitors 
were not used. Consecutive pairs of arteriovenous sam- 
ples were obtained at 12 to 60 minute intervals. Process- 
ing of blood was as expeditious as possible. Immediate 
centrifugation of the blood samples was carried out for 
ten minutes, plasma was transferred and re-centrifuged 
twice. A few visibly hemolyzed samples were discarded. 
Since 0.05 per cent hemolysis can be detected visually, the 
maximum increase in plasma potassium concentration 
resulting from undetected hemolysis was 0.02 mEq. per 
L. Handling of samples for potassium analysis was 
carried out at room temperature (25° C) to minimize po- 
tassium and water shifts in erythrocytes (5) prior to 
their separation from plasma. 

In vitro studies. A sample of antecubital venous blood 
was obtained anaerobically in a heparinized syringe. A 
drop of mercury was introduced and the sample was 
thoroughly mixed. Samples of blood were transferred 
anaerobically into duplicate syringes. Into one of these, 
100 per cent O, was introduced, and into the other a 
mixture of 5.0 to 6.4 per cent CO, in N, Gas volumes 
were varied to obtain the desired range of gas concen- 
trations in the blood samples. Syringes were capped and 
the blood and gas phases were equilibrated at room tem- 
perature by rotation for ten minutes. Gases were ex- 
pelled and blood was then handled as in the in vivo stud- 
ies. Hematocrit determinations (Wintrobe) were per- 
formed in duplicate. Tubes were centrifuged for one 
hour at 1500 g. and no correction was made for trapped 
plasma. In some studies, concentrations of O, and CO, 
were determined by the method of Van Slyke and Neill 
(6). 

Potassium analysis. Duplicate or triplicate dilutions of 
plasma were made and concentrations were measured 
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with the Beckman Model DU flame photometer. The 
precision of the analysis is as follows: the standard error 
of the estimate of the mean concentration from dupli- 
cate analyses of a single blood sample is 0.04 mEq. per 
L. The standard error of the estimate of a single arterio- 
venous difference then is 0.06 mEq. per L. for samples 
diluted in duplicate. On the average, three pairs of ar- 
terial and venous samples were obtained from each 
subject in the basal state and only the mean of these 
multiple samples is reported. In general, the standard 
error (analytical) of the estimate of mean A-V differ- 
ence to be presented for each subject in Table I is 0.03 
mEq. per L. For the entire series of 21 subjects, the 
standard error of the estimated overall mean A-V dif- 
ference is less than 0.01 mEq. per L. 


RESULTS 
Potassium movement in the basal state 

Sixty-five individual A-V differences were ob- 
tained in 21 subjects studied 16 to 19 hours post- 


TABLE I 
Movement of potassium in the basal state * 


nEq./ 100 


ml. forearm 


—0.88 


(A-V 
mEq. 


—0.31 
— 0,46 
—0.15 
—0.23 
—0.01 
—0.23 
—0.16 
—0.14 
—0.03 
—0.38 
—0.10 
—0.07 
—0.09 
—0.96 
—0.44 
+0.01 
—0.64 
—0.28 
+0.23 
—0.16 
—0.19 


—0.229 
3 0.253 
1 0.055 


—0.50 
—0.37 


—0,17 
—0.10 
—0.83 


—0.18 
—0.17 
—2,19 
— 1.86 
+0.11 
— 2.69 


+0.54 
—0.21 
—0.43 


—0.662 
0.902 
0.233 


N 
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* Ax is the concentration of potassium in arterial plasma. 
(A—V)kx is the arteriovenous difference in plasma conceii- 
tration of potassium. Ox is the calculated net potassium 
movement; the minus sign indicates that net movement 
was from muscle to plasma. Values in each column are 
the means for each subject. Plasma flow was not success- 
fully measured in six subjects (see Reference 2), and Ox 
for each of these was therefore not calculated. S.D. is the 
standard deviation and S.E.M. is the standard error of 
the mean. 
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TABLE II 
Movement of potassium during the night * 


100 mi. 


WHE 
ss 


— 


Subject N: 


* See legend to Table I for explanation of symbols. 


prandially. In only seven samples was the arterial 
concentration higher than the venous. The mean 
A-V difference in 19 of the 21 subjects was nega- 
tive, the grand mean being — 0.23 mEq. per L. 
(Table 1). The net loss of potassium from tissue 
to blood in 15 subjects averaged 0.66 »Eq. per min. 
per 100 ml. forearm tissue. Q can be calculated 
in terms of forearm muscle by multiplying 0.66 by 
4/3 (see Reference 3), giving a mean loss of 0.88 
pEq. per min. per 100 g. forearm muscle. 


Potassium movement during the night 


Results on the three subjects are given in Table 
II and Figure 1. Measurement of plasma flow 
was made in subjects C and K but was unsuccess- 
ful in subject N (2). It appears that between the 
hours of 1 and 8 A.M. there is no net movement 
of potassium, the overall mean and median A-V 
difference during this time being + 0.01 mEq. per 


Sample Time mEqg./L. mEq./L. forearm } 
a6 Subject C: 
—0.32 
+0.03 +0.08 
+0.35 +1.12 i 
—0.09 —0.25 
—0.09 —0.40 
—0.04 
—0.17 
—0.03 -0.13 
—0.11 
a Subject K: 
—0.12 —0,23 
+0.01  +0.02 
é 0.02 —0.04 
—0.11 —0.17 
—0.06  —0.07 
+0.02 +0.04 
—0.09 —0.18 
—0.09 —0.17 

—0.31 

| 

40.04 
+0.02 
+0.12 
12 (C) 
14 

15 

18 

19 

21 

Mean 


MOVEMENT OF POTASSIUM FROM 


MUSCLE IN BASAL STATE 


POTASSIUM A-V DIFFERENCE, mEq/L 


+0.2 


+04 


8 10 


Fic. 1. Tre Course or ARTERIOVENOUS DIFFERENCE IN PLASMA PoTassIUM 
CoNCENTRATION 

C, K and N refer to subjects followed during the night. Black dots repre- 

sent all A-V differences obtained in nineteen additional subjects studied only 


between 10 A.M. and 1 P.M. 


L., and only one of the 15 A-V differences lies out- 
side the range expected from analytical error alone. 
These results are in contrast to the larger series 
of results obtained during the late morning hours. 
In the few observations made prior to 1 A.M. 
there seems also to be real loss of potassium from 
the forearm. 

In summary, the general trend is one of potas- 
sium loss from muscle prior to 1 A.M., little or no 
net movement during most of the night, then in- 
creasing potassium loss in the later morning hours. 


Evidence that the observed A-V differences in po- 
tassium concentration represent net movement 
of potassium between forearm muscle and blood 


1) Transiently negative A-V differences might 
be observed if the concentration of potassium in 
arterial plasma were falling during the period of 
study with consequent net diffusion of potassium 
from interstitial fluid into capillaries. However, 
only very minor fluctuations in concentration of 
arterial potassium occurred and there was no con- 
sistent directional trend. On the average the con- 
centration decreased 0.004 mEq. per L. + 0.018 
(S.E.M.) in consecutive samples. 


2) Since potassium escapes from anoxic muscle 
(7), it was necessary to demonstrate that no leak 
of blood from ischemic hand tissues distal to the 
pressure cuff at the wrist occurred. Evidence that 
there was no such leak has been previously pre- 
sented (3). 

3) The chief source of the potassium added to 
venous blood might be forearm tissues other than 
muscle, that is, skin, tendon or bone. The place- 
ment of the venous catheter deeply into the forearm 
muscle mass minimizes possible contribution from 
skin. Of the potassium in the remaining tissues, 
there is probably 20 times as much in muscle as 
there is in bone and tendon combined, if concen- 
trations in human tissues are similar to those in the 
rat (8). Nevertheless, a portion of the observed 
potassium loss may be from tissues other than 
muscle. 

4) In vitro studies of net potassium and water 
movement between blood cells and plasma were 
made to examine the possibility of significant shift 
of potassium, of water, or of both, either (a) in 
the arm as arterial blood becomes venous, or (b) 
in shed blood during the several minutes which 
elapse before cells are separated from plasma. 
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In case (a), these shifts to a new equilibrium 
state might be considered as accompaniments of 
the classical “chloride shift” (9). That is, either 
movement of water into erythrocytes or potassium 
out of erythrocytes, or both, might lead to a higher 
venous than arterial plasma concentration of po- 
tassium. 

In case (b) it is conceivable that, as shed ar- 
terial and venous blood cool from 38°C toward 
room temperature of 25°, net potassium uptake by 
arterial erythrocytes might occur at a faster rate 
than by venous erythrocytes; or, net water uptake 
by arterial erythrocytes might occur at a slower 
rate than by venous erythrocytes. 

These possible artefacts could be avoided by de- 
termining potassium concentrations in whole blood 
rather than in plasma. Concentrations in whole 
blood are so high, however, that a small analytical 
error percentagewise would become intolerably 
large in detecting small net potassium shifts. 

In both cases (a) and (b), in order for water 
shifts to account for the observed differences in 
potassium concentration, the volume of packed 
cells in venous blood would have to exceed that 
in arterial blood by 2.3 mi. per 100 ml. blood on 
the average. In 35 pairs of arterial and venous 
blood samples obtained in 12 of the subjects, there 
was no significant A-V difference, the mean be- 
ing only + 0.2 ml. per 100 ml. + 0.2 (S.E.M.). 


TABLE Ill 
Movement of potassium between red cells and plasma with changes in Oz and CO: contents * 
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Water shifts, then, are not responsible for the 
observed potassium differences. However, since 
the possibility of a potassium shift in erythrocytes 
remained, in vitro studies were devised so that the 
changes in gas content occurring in blood flowing 
through the arm would be reversed. The sample 
of venous blood equilibrated with oxygen becomes 
“arterialized” : O, is gained and CO, is lost. The 
paired sample of venous blood which is exposed 
to the CO, — N, mixture serves as a control: the 
blood is subjected to the same manipulative pro- 
cedures but remains venous. 

In eleven im vitro experiments (Table III) 
there is a significantly greater concentration of po- 
tassium in the “venous” than in the “arterial” 
sample, but the mean difference, 0.03 mEq. per L., 
is only 4% the mean difference in the experiment 
upon the forearm. The difference between in 
vivo and in vitro A-V differences is highly sig- 
nificant (p < 0.01). However, unlike the forearm 
experiments, a significant difference in “arterial” 
and “venous” hematocrits occurred in the in vitro 
studies. In only one of ten pairs was this water 
shift large enough to account completely for the 
observed difference in potassium concentration 
(Table III, columns headed “% Water shift” and 
“% Change in potassium”). There therefore ap- 
pears to be not only a water shift but also a direct 


% Water 
Expt. Ax (A-V)x (A-V)os (A-V)co (A-V shift 
A 3.67 —0.01 9.4 —1.6 —0.2 
B 3.81 —0.13 13.9 —1.6 —0.4 —0.7 —34 
3.95 —0.01 15.4 —3.4 —1.4 —2.6 —0.4 
D 3.68 +0.01 —0.1 —0.2 +0.3 
E 3.74 —0.03 13.4 —2.3 —0.2 —0.4 —0.7 
F 3.73 —0.05 —0.3 —0.6 —-14 
G 3.91 0 +0.1 +0.3 0 
H 4.19 —0.04 0 0 —1.0 
I 3.61 —0.04 —0.2 —0.3 —1.3 
i 4.05 —0.01 10.8 —5.6 0 0 0 
4.01 —0.07 11.6 —6.3 —0.7 —1.2 —1.7 
Mean 3.850 —0.034 12.4 —3.5 —0.31 —0.57 —0.96f 
S.E.M. 0.0120 0.140 0.260 0.338 


* A refers to the concentration in the “‘arterialized” sample; V, to that in the venous sample; A-V, to the arterio- 


venous difference. Potassium concentration is in mEq. per L. plasma; gas concentrations are in ml. per 100 ml. blood. 


Hematocrit, Hct, is in ml. packed cells per 100 ml. blood. % Water shift = 


potassium = GMs 100. 


100. % Change in 


plasmacrit 


t Experiment A omitted from calculation of the mean since per cent water shift was not measured in this subject. 
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potassium shift in the im vitro studies, both quan- 
titatively very small. 

Venous plasma concentrations, as measured in 
the forearm experiments, might be corrected for 
possible movements of water and potassium be- 
tween erythrocytes and plasma by subtracting 0.03 
mEq. per L. However, in view of the fact that a 
water shift has been shown not to occur in the 
in vivo experiments, there is some justification 
for not correcting for that portion (60 per cent) of 
the in vitro potassium A-V difference which can 
be attributed to a water shift. The correction 
then would be only 0.01 mEq. per L., a value so 
small that it was deemed inadvisable to carry out 
any correction. 

From these in vitro experiments it cannot be 
stated whether these erythrocyte-plasma exchanges 
occurred during passage of blood through the arm 
or during the handling of the shed blood. 


DISCUSSION 


These studies demonstrate that, in addition to 
factors described previously as influencing trans- 
cellular movement of potassium, there is a net 
loss of potassium from skeletal muscle to extra- 
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cellular fluid in the late morning hours. During 
the night there appears to be no net movement, 
so that in the 12 hours of the 24 included in this 
study there is an overall loss of potassium from 
muscle. Restitution has not been demonstrated ; 
it is likely that this occurs with potassium in- 
gestion in food. 

The morning loss of potassium from muscle 
averages 0.88 pEq. per min. per 100 g. muscle, or 
0.5 per cent of the intracellular potassium per 
hour. If extrapolation from forearm to total body 
muscle is valid, an increase in the extracellular 
concentration of potassium of 1.0 mEq. per L. 
would be expected in one hour, Yet, arterial con- 
centration remains constant. It is clear that potas- 
sium must leave the extracellular fluid at about the 
rate at which it is added to extracellular fluid from 
muscle. Studies by others (10, 11) of the diurnal 
variation of urinary excretion of potassium show 
a striking similarity to the pattern of net potassium 
movement from muscle. That is, excretion falls 
to minimal levels during the night, and rises 
sharply to a maximum output at 10 or 11 A.M. 
(compare Figure 1). It would appear that uri- 
nary loss is the likely fate of the bulk of the potas- 
sium added to extracellular fluid from muscle; 


Q,, vEq/ min. / 100 mi. forearm 


10 


Qo,, min./ 100 mi. forearm 


Fic. 2. CorrELATION BETWEEN OxyGEN CONSUMPTION OF FoREARM TISSUES AND 
MoveMENT oF PotasstuM BETWEEN ForEARM TISSUES AND BLOoop 

Each dot represents the mean value for each subject studied in the basal state. 

Line of regression calculated by “least squares” method. Probability of correlation 


by chance, < 0.01. 
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Fic. 3. Correcation Between CO, Propuction sy ForEARM TISSUES AND 
MovEMENT oF PotasstuM BETWEEN ForEARM TISSUES AND BLOoop 


Each dot represents the mean value for each subject studied in the basal 


state. 
of correlation by chance, < 0.01. 


some potassium may, however, enter the cells of 
other organs, for example, liver. 

The similarity of the time course of movement 
of potassium out of muscle and into urine suggests 
that the two are causally related. It is not known 
which of these processes may be primary, or in- 
deed whether both are secondary to another com- 
mon mechanism. The association of adrenocorti- 
cal activity with electrolyte metabolism and the 
striking diurnal variation of adrenocortical ac- 
tivity (11) suggest that this may be the common 
trigger to muscle and kidney. Others (10) have 
suggested that the diurnal rhythm of potassium 
excretion is caused by cyclic changes in renal tu- 
bular metabolism with consequent changes in in- 
tracellular pH. These two suggestions are not 
mutually exclusive. 

Carbohydrate metabolism of the forearm was 
studied in these subjects by measuring the net 
movement between forearm tissues and blood of 
glucose, lactate, oxygen and carbon dioxide simul- 
taneously with potassium on the same samples of 
blood. Data on carbohydrate metabolism in the 
first 13 of these subjects have been reported previ- 
ously (3,4). The relation between movement of 


Line of regression calculated by “least squares” method. Probability 


potassium and of these metabolites in the basal 
state was examined. 

Oxygen. Since anoxia of muscle leads to loss 
of potassium, it might have been expected that 
subjects with the lowest O, consumption would 
have the greatest loss of potassium from muscle. 
However, the reverse was true (Figure 2). 

Lactate. Lactate was produced by the resting 
forearm (mean = 0.44 »M per min. per 100 ml. 
forearm + 0.11 S.E.M.). It is possible that there 
are small areas of muscle which are intermittently 
ischemic, perhaps as a result of rhythmic vaso- 
motor activity, which accounts for this anaerobic 
metabolism. If so, correlation between lactate 
production by muscle and potassium loss from 
muscle would be expected. There was, however, 
no correlation. 

Glucose. Glucose uptake by forearm tissue was 
small, averaging only 0.50+0.17 »M per min. 
per 100 ml. forearm, and no correlation with po- 
tassium movement was present. The movement 
of potassium into cells along with glucose is gen- 
erally attributed either to a) an increase in concen- 
tration within the cell of the potassium salt of the 
hexose phosphates or b) an increase of intracellular 
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fluid (and, therefore, of potassium) with glycogen 
deposition. With such a low uptake of glucose it 
would not be expected that either of these two 
processes occurred; in fact, breakdown of previ- 
ously deposited glycogen would seem more likely 
and this might lead to a loss of associated potas- 
sium from muscle. Available data in the literature 
do not permit, however, an acceptable estimate of 
the quantity of glycogen breakdown required to 
account for the observed potassium movement. 
The mean R.Q. of the forearm in these subjects 
(0.74 + 0.02) suggests that glucose oxidation, 
and therefore glycogenolysis, must be minor and 
there is other evidence suggesting that little break- 
down of glycogen in muscle is to be expected (3). 
There was also no correlation between movement 
of potassium and forearm R.Q. 

Carbon dioxide. It has been demonstrated that 
acute acidosis, both respiratory and metabolic, 
leads to loss of potassium from muscle (12, 13). 
In the forearm experiments there was a highly 
significant correlation between CO, production by 
the forearm and net potassium movement (Fig- 
ure 3). Greater CO, production does not, how- 
ever, necessarily imply increased intracellular aci- 
dosis, since intracellular CO, concentration is a 
function not only of the rate of CO, production 
but also of the rate of CO, removal. CO, concen- 
tration in venous blood or the A-V difference in 
CO, concentration might then be better indices of 
tissue pH ; neither of these correlated with the net 
movement of potassium. Since neither pH nor 
pCO, was measured, it is not possible from these 
experiments to be certain what role tissue pH 
might play. 

In the three subjects studied during the night 
there was no correlation between movement of 
potassium and of any other metabolite. 


SUMMARY 


There is net movement of potassium out of rest- 
ing forearm muscle into plasma in the late morning 
hours in fasted subjects. From 1 A.M. to 10 A.M. 
no net movement occurs. From 10 A.M. to 1 
P.M. the mean A-V difference in 21 subjects was 
— 0.23 mEq. per L. The net loss in 15 subjects 
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averaged 0.88 »Eq. per min. per 100 g. muscle, 
or about 0.5 per cent per hour of intracellular 
potassium. 
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It has been appreciated since the classical stud- 
ies of Biemond and Daniels (1) and Aitken, Allott, 
Castleden, and Walker (2) that the concentration 
of potassium in serum falls during attacks in pa- 
tients with typical family periodic paralysis. Al- 
lott and McArdle (3), Pudenz, McIntosh, and 
McEachern (4) and Ferrebee, Atchley, and Loeb 
(5) showed that the quantity of potassium ex- 
creted in urine was reduced during attacks of 
paralysis. These observations implied that during 
attacks potassium shifted from extracellular to 
some intracellular space. Metabolic balance stud- 
ies by Danowski, Elkinton, Burrows, and Winkler 
(6) confirmed this hypothesis. The question of 
which intracellular space accepted the potassium 
that shifted during attacks remained unanswered. 

Recently it has been reported from this labora- 
tory that there is a diurnal variation in normal 
man in exchange of potassium between skeletal 
muscle and extracellular water (7). During the 
hours between 10 P.M. and 12 noon, that is, 4 to 
18 hours after the last meal, with the subject at 
rest, potassium moves from muscle to blood, the 
rate declining to a minimum or even reversing 
slightly (potassium moves from blood to muscle) 
between the hours of midnight and 7 A. M., and 
then rising again to a peak between 10 A.M. and 
noon. It is characteristic of family periodic paraly- 
sis that most attacks begin during the middle of the 
night (8). This suggested that in patients with 
this disease there may be an exaggeration of the 
diurnal variation in potassium movement, and that 
movement of potassium from extracellular fluid 
into skeletal muscle during the night might be re- 
“a This work was performed under a contract between 
the Office of Naval Research, Department of the Navy, 
and The Johns Hopkins University (NR 113-241) and 
was further supported by grants-in-aid from the National 
Institutes of Health, Department of Health, Education, 


and Welfare (A-750) and the Muscular Dystrophy As- 
sociations of America, Inc. 


sponsible for the attacks. It is the purpose of this 
report to present data indicating that this is the 
case. 


METHODS 


Two subjects were studied. Both had well-documented 
family periodic paralysis with a history of spontaneous 
attacks of flaccid paralysis frequently having their onset 
in the middle of the night and associated with definite 
hypokalemia. 

Subject M. H., a 14-year-old boy weighing 57 Kg., 
had had episodes of weakness and paralysis since age 12. 
All the attacks began between 11 P.M. and 9 A.M. They 
were relieved or prevented by administration of potas- 
sium chloride, and serum potassium concentration during 
at least one attack was found to be low. The severity of 
his attacks was much less than that of the second patient. 

Subject M. H. was studied on three occasions: 

Study I was performed between 11:30 A.M. and 12 
noon during spontaneous recovery from a mild attack 
which had begun spontaneously during the night. He 
had had no food since supper at 6 P.M. the evening prior 
to study. 

Study II covered the hours between midnight and 7 
A.M. The last meal was at 6 P.M. - When a spontaneous 
attack did not occur by 2:20 A.M., an attack was induced 
by administration of glucose and of insulin. 

Study III covered the hours between 1 A.M. and 7 
A.M. During the afternoon prior to study M. H. exer- 
cised heavily on a treadmill and at 6 P.M. ate a large 
dinner. There was no clinical evidence of an attack 
during the time of this study. 

Subject A. B., a 24-year-old college student weighing 
77 Kg., was a member of a family of whom six members 
had clinical evidence of periodic paralysis. His attacks 
began at age 12. There were one to three severe attacks 
and more frequent mild attacks each month until age 18 
when he was first placed on prophylactic potassium ther- 
apy. Circumstances under which attacks occurred were 
quite predictable. Attacks followed heavy exercise and 
high carbohydrate meals, were aborted by mild exercise 
and ingestion of potassium chloride. Onset of attacks 
was usually in the middle of the night and some of his 
attacks were quite severe, involving not only the extremi- 
ties but also respiratory muscles. 

Subject A. B. was studied on one occasion. Prophy- 
lactic potassium therapy was discontinued 24 hours prior 
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TABLE I 
Net movement of potassium during spontaneous nocturnal attack—Subject A. B.* 


Time A A-V pEq./min./ KCl 
A.M, mEq,/L, mEq./L. 100 mi. 


Muscle strength Tendon refiexest 


12:12 2.47 0.74 1.8 
1:08 2.11 0.60 5 
1:25 


0.9 


5:48 2.75 0.61 0.8 
6:25 2.73 0.36 0.7 5 
7:10 5 
7:13 3.11 —0.20 —0.4 
7:43 3.45 —0.50 —0.8 
9:00 5.40 —0.61 —1.3 


—0.7 


Normal B-1; T-2 
K-2, 2 
Rapid decrease in arms; legs B-0; T-0 
fairly strong. K-1, 0; A-2, 1 


Maximal inspiration reduced, 
but nodyspnea. Neck 
flexion very weak. 


Extremities almost totall 
paralyzed E 
abnormalities.) 


B-0; T-1 
K-0, 0; A-2, 1 


Subjective improvement. No 
objective 
EK 


Extremity strength slightly B-0; T-2 
improved. Inspiration K-1, 0; A-2, 1 
stronger. (EKG—return 
to severe changes.) 

Head can be raised off pillow. 

Nearly recovered. B-2; T-1 

K-3, 2; A-2, 2 


Essentially normal. 


potassium ; Q = net uptake 


to this study. He received 100 g. of glucose at 3:30 P.M., 
ate his usual supper at 5:30 P.M. with extra dessert plus 
100 g. of glucose at 6:30 P.M. Measurements were made 
between midnight and 10 A.M. A severe attack occurred 
and it was necessary to treat him with KCl. 

Measurements were made of the metabolism of forearm 
muscles with the subject at rest. Uptake and release of 
potassium, O., CO., glucose and lactate were calculated 
as described previously (7, 9) as the products of forearm 
blood flow and arteriovenous differences of the metabo- 
lites. Venous blood was obtained through a catheter 
placed in a deep vein draining forearm muscles. Ar- 
terial blood was from the brachial artery. A pressure 
cuff about the wrist, inflated to greater than systolic 
pressure, excluded blood flow to hand and wrist during 
periods of blood collection. 

Certain extrapolations of the data are made. In these 
it is assumed that uptake or output per min. per 100 ml. 
of forearm can be converted to uptake or output per min. 
per 100 g. of forearm muscle by multiplying by 4%, a con- 
version factor estimated previously (9). It is further as- 
sumed that extracellular fluid weighs 20 per cent of body 
weight and that total muscle mass is 40 per cent of body 
weight. 


* A = concentration of potassium in arterial plasma; A-V = arteriovenous difference in plasma concentration of 
ry bes net release when value is negative) of potassium by forearm tissues. 

+B = biceps, T = triceps, K = knee, A = ankle. Only the right biceps and sae reflexes could be tested; 

metabolic studies were made on the left arm. 0 = absent, 1 = reduced, 

and ankle jerks, the first number refers to the right side, the second to the left side. 


3 = hyperactive. In the knee 


2 = normal, 


o 
€ 
= 
Arteria! 
” 
z Venous 
12 2AM os 6 8 10 


Fic. 1. ARTERIAL AND VENOUS Portasstum 
ConcENTRATIONS DurInGc ATTACK AND RECOVERY IN 
Patient A. B. 

At each time indicated by arrows 5 g. KCI was given 
orally. 
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to 4 
1:55 
2:08 2.11 0.55 = ies 
3:08 1.91 0.44 0.8 s 
4:00 1.85 0.49 1.1 y « 

KG 
10:03 5.91 —0.33 
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RESULTS AND DISCUSSION 


Potassium Movement During Spontaneous Attack 
and Spontaneous Recovery 


Subject A. B. (Table I and Figures 1 and 2) 


Arterial potassium concentration was already 
reduced greatly by the time the first sample was 
drawn at midnight and continued to fall for the 
next four hours, after which it was necessary to 
treat the patient by administration of KCl. In 
subject A. B., between midnight and 4 A.M., ex- 
traction of potassium (i.e., A-V difference divided 
by arterial concentration) was approximately 25 
percent. In normal subjects little or no extraction 
of potassium occurs during these hours. 

During the attack potassium moved from plasma 
into muscle at a rate of 1.2 wEq. per min. per 100 
ml, forearm. Between midnight and 4 A.M., con- 
centration of potassium in arterial plasma fell 0.6 
mEq. per L.., a loss of about 9.5 mEq. of potassium 
from total extracellular fluid. During that time 
about 2 mEq. of potassium moved from plasma 
into muscles of one forearm. If all skeletal 
muscles were behaving identically, about 110 
mEq. of potassium might have moved from ex- 
tracellular fluid into muscle in the four-hour pe- 
riod. Since this figure is about 12 times as large 
as the estimated loss of extracellular potassium it 
follows either that forearm muscles were extract- 
ing potassium from plasma at a rate about 12 


12 


POTASSIUM UPTAKE, »M/min /i0O mi. forearm 


Fic. 2. Porasstum MoveMent BetwEEN PLASMA AND 
Durinc tHE NIGHT 

Positive values are uptake, negative values are release 
from muscle. B, subject A. B. during attack and re- 
covery; K and C, normal subjects; H, subject M. H. 
who had periodic paralysis but failed to get an attack 
during this study. Arrows indicate oral administration of 
5 g. KCI to A. B. 


times greater than the average muscle or that po- 
tassium was added to plasma from some non- 
muscular source. 

Although the mass of potassium lost from ex- 
tracellular fluid was large from the viewpoint of 
extracellular potassium, if it all went into skeletal 
muscle this quantity of potassium would be suffi- 
cient to raise the average concentration of intra- 
muscular potassium by only a few per cent, an 
amount too small to be detected by available 
methods. 

When KCl was administered, although there 
was some elevation of arterial potassium concen- 
tration, extraction of potassium remained con- 
stant for the next two and one-half hours and po- 
tassium continued to move into muscle until the 
direction of movement was reversed at 7 A.M., 
several hours earlier than the onset of accelerated 
output of potassium by muscle in normal subjects. 

In summary, an attack of paralysis developed in 
the middle of the night about seven hours after a 
heavy carbohydrate meal. Potassium moved from 
plasma into skeletal muscle, concentration of po- 
tassium in plasma was reduced and paralysis oc- 
curred. Efforts to terminate the attack by oral 
administration of potassium failed to do so during 
a two-hour period in which potassium continued 
to move from plasma into muscle and there was 
only a small increase in concentration of arterial 
potassium. Presumably, during these two hours 
potassium movement out of extracellular space 
into muscle almost kept pace with intestinal ab- 
sorption of administered potassium. Later in the 
morning the direction of potassium movement 
reversed; potassium moved out of muscle into 
extracellular space at a rate greater than that seen 
in normal subjects during these hours. Concen- 
tration of potassium in arterial plasma rose 
abruptly and the attack ended. Although the rise 
in concentration of potassium in arterial plasma 
may have been the result of absorption of ad- 
ministered potassium from the gut as well as of 
outpouring of potassium from skeletal muscle, the 
latter factor alone was sufficient to account for 
the observed rise in plasma concentration. 


Subject M. H., Study I (Table II, Figure 3) 


Subject M. H. failed to have a spontaneous at- 
tack during the time measurements of forearm 


= 
4 
“20 
af 2AM 4 6 8 0 12N 
a 


TABLE II 


Potassium release during spontaneous recovery from 
spontaneous attack—Subject M. H.* 


Time A A-V re) 

11:39 4.09 —1.05 —3.85 
11:50 4.10 —1.15 —6.23 
12:00 4.08 —0.87 —3.70 


* Time is ALM. Symbols as in Table I. 


metabolism were made. However, forearm me- 
tabolism was measured on the morning following 
a mild spontaneous attack from which he was re- 
covering spontaneously. At the time of the study 
there was no longer any gross weakness. Deep 
tendon reflexes in the arms were normal but 
patellar and ankle responses were still slightly de- 
pressed. Release of potassium from muscle was 
about six times greater than the average rate 
found in normal subjects during the same time of 
the day. Presumably at some earlier hour during 
the attack there was a reduction in plasma potas- 
sium concentration. The rate at which potassium 
moved from muscle to extracellular fluid during 
recovery, 3 to 5 mEq. per hr. per Kg. of muscle, 
was adequate to account for an increase in plasma 
potassium concentration. Despite the large con- 
tribution of potassium to venous plasma from 
muscle, concentration of potassium in arterial 
plasma was stable at about 4 mEq. per L. during 
the period of observation. This stability of ar- 


terial potassium could obtain only if potassium 
left the blood stream by some other route as fast 
as it entered from skeletal muscle. 
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Fic. 3. Potasstum Output FroM MuSCLE TO PLASMA 
Durinc SPONTANEOUS RECOVERY FROM A SPONTANEOUS 
ATTACK OF ParALysis In Susyect M. H. 

@, data from normal subjects in the basal state. 


MUSCLE POTASSIUM UPTAKE IN PERIODIC PARALYSIS 


733 


Potassium Movement During an Attack Produced 


by Administration of Glucose and Insulin 
Subject M. H., Study II (Table IIT) 


During Study II of subject M. H., when a 
spontaneous attack had not occurred by 2:20 A.M. 
a mild attack was produced by administration of 
glucose and insulin. At 6:25 A.M. he was given 
9 g. KCl by mouth. Within 25 minutes there was 
some return of deep tendon reflexes. 

When KCl was administered there was a rapid 
rise in arterial potassium concentration despite 
a large increase in rate of potassium uptake by 
muscle. An uptake of this magnitude did not 
occur following potassium administration to sub- 
ject A, B. at approximately the same time of day. 
The difference in response is probably attributable 
to the effect of insulin, since the behavior of blood 
glucose concentrations indicated that a potent in- 
sulin action occurred at the time of massive uptake 
of potassium. 

From the rise in concentration of potassium in 


TABLE Ill 


Net movement of potassium during attack induced by 
glucose and insulin—Subject M. H., Study II * 


Time A A-V min./ 100 
A.M, mEq./L. mEq./L. mil. forearm Comments 
12:20 441 -0.06 -0.4 Strength and reflexes 
normal. 
1:20 444 -—0.8 
2:21 4.31 -—0.16 —1.2 Nosymptoms or signs of 
impending attack. 
2:25 130 g. glucose in 240 ml. 
to orange juice. 


Insulin, 20 U., subcu- 
taneous. 


3:02 409 -—0.34 —2.6 

3:55. 4.18 —0.01 -—0.1  Nochange in strength or 
reflexes. 

3:55 25 g. glucose, I.V. 

to 

4:05 

4:07 Insulin, 6 U., I.V. 

4:41 3.68 0.08 0.7 Strength tly 
diminished. Tendon 
reflexes absent. 

5:29 3.73 0.26 1.8 

6:03 3.68 0.03 0.3 

6:15 Further weakness, Re- 
flexes remain absent. 

6:25 9 g. KCI orally. 

6:40 4.95 0.68 6.6 Reflexes and strength re- 
turning. 

6:58 5.56 0.45 5.7 Almost complete 
recovery. 


* Symbols as in Table I. 
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arterial plasma, from the measured uptake of po- 
tassium by muscles of the forearm, and from rea- 
sonable assumptions of the size of extracellular 
space and total muscle mass in M. H. it can be 
estimated that of the 120 mEq. of potassium ad- 
ministered about 20 mEq. went into extracellular 
space and about 65 mEq. went into skeletal 
muscle in 33 minutes, leaving about one-fourth 
unaccounted for. Similar calculations made for 
the case of A.B. following the first 10 g. of ad- 
ministered KCl (Table I) indicated that of the 
135 mEq. of potassium administered about 14 
mEq. went into extracellular space and about 35 
mEq. went into muscle in two hours, leaving 
about two-thirds of the potassium unaccounted for. 
This suggests that the failure of oral administra- 
tion of KCl to produce prompt restoration of nor- 
mal potassium concentration in arterial plasma 
and clinical recovery may have been in part due to 
delayed absorption of potassium from the gut dur- 
ing the more severe attack suffered by A. B. 


0.086 


0.038 


—0.23 0.772 


—0.10 
0.12 


Normal Pattern of Potassium Movement During 
a Night When No Paralytic Attack Occurred 


Subject M. H., Study ITI (Figure 2) 


During the early part of Study II, between mid- 
night and 2:20 A.M., subject M. H. had no spon- 
taneous attack and potassium movement at this 
time was indistinguishable from that observed in 
normal men. In Study III, between 1 A.M. and 
7 A.M., subject M. H. again had no spontaneous 
attack and potassium movement appeared to be 
normal, 


0 expressed as uM per min. per 100 ml. forearm. L/G is per cent of glucose 


(G-L)/Oz is per cent of O2 uptake ‘accounted for by apparent oxidation of glucose. 


5.77 
5.80 
5.57 


0.88 

0.92 

0.74 
per L 


8.69 
9.51 
8.33 


4.57 


Carbon dioxide 
Concentrations are in mM 


20.33 4.05 
19.58 

19.49 3.83 
19.34 3.47 
19.39 2.30 


Fragmentary Observations on Other Abnormali- 
ties of Muscle Metabolism Occurring During a 
Spontaneous Attack of Paralysis (Table IV ) 


10.36 
11.19 


Certain observations discovered during the at- 
tack in A. B. which differ from those obtained in 
normal subjects are reported. These differences 
may prove ultimately to be of no significance since 
the number of normal subjects studied is small. 
On the other hand, even if they prove to be real 
departures from the normal it is not clear whether 
these differences are fundamental to the disease, 
whether they represent a defect parallel to but 
unrelated to the anomaly of potassium movement, 
whether they are in some way causally related to 
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8.99. 3.78 
* Time is A.M. Symbols as in Table I. 


uptake accounted for by lactate production. 
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Fic. 4. ARTERIAL Bioop GLucose 


B, subject A. B, during attack and recovery; C, K and 
N, normal subjects; H, subject M. H. who failed to de- 
velop hypokalemia or clinical paralysis. 


potassium movement, or whether they are conse- 
quences of the disease. None of these metabolic 
differences appeared in subject M. H., Study III, 
during the night in which he failed to have a 
spontaneous attack. 

Concentration of glucose in arterial blood was 
definitely higher in subject A. B. than in normals 
during the night (Figure 4), and at least during 
the first four measurements A-V glucose differ- 
ences were higher than normal. It has been noted 
previously (10) that A-V glucose differences 
varied directly with arterial glucose concentra- 
tions in normal subjects during the night. This 
relation was true also for subject A. B., so that 
the abnormally high glucose A-V differences and 
glucose uptakes in this subject may have resulted 
from abnormally high delivery of glucose to 
muscle. Since the concentration of arterial glu- 
cose tended to decrease during the night, it is not 
unexpected that glucose uptake tended to de- 
crease similarly. 

Although interpretation of these high concen- 
trations of glucose in arterial blood is complicated 
by the fact that A. B. had a high carbohydrate diet 
six and nine hours before the first blood sample 
was collected, even the last arterial specimen drawn 
16 hours after the last meal showed higher than 
normal glucose concentration, 5.57 mM per L. 
(mean arterial glucose concentration after 16 to 
18-hour fast in 24 normal subjects is 5.01 mM per 
L. + 0.27 S.D.). 

Since uptake of glucose by skeletal muscle was 
at least normal, the high concentration of glucose 
in arterial blood implies that some other organ 
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failed to remove circulating glucose or that hepatic 
contribution of glucose was accelerated. 

Concentration of lactate in arterial blood was 
within normal limits during the early part of the 
study and rose during the later hours (Figure 5), 
approximately coincident with recovery from 
paralysis. Lactate production by muscle was er- 
ratic. There is no evidence that the rise in ar- 
terial lactate concentration was owing to increased 
production of lactate by skeletal muscle in the 
forearm. It is possible, however, that other 
muscles did contribute, since muscle power and 
deep tendon reflexes were examined from time to 
time during this period. 

During the night and the following morning, 
forearm blood flow in subject A. B. was within 
the limits defined by studies of two normal sub- 
jects during the night (10) and a larger group of 
normal subjects during the late morning (9). 
Nor were there any deviations from normal in 
O, uptake, in CO, production or in A-V differ- 
ences of CO, or O, content. However, the ar- 
terial concentration of CO,, initially normal, fell 
to levels lower than those in normal subjects 
(mean of 24 normal subjects, 21.9 mEq. per L. + 
0.98 S.D.) (Figure 6). Although pH was not 
measured, this decrease in arterial CO, presum- 
ably represented extracellular metabolic acidosis. 

Mean respiratory quotients of forearm muscles 
in three normal subjects between the hours of 
10 P.M. and 4 A.M. were 0.75, 0.84 and 0.84. 
In subject M. H., during the same time interval 


0.6} 


ARTERIAL LACTATE, mM/L 


Fic. 5. ArteriaL Bioop Lactate 
Symbols as in Figure 4. 
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Fic. 6. CO, ConTENT 
Symbols as in Figure 4. 


when he failed to have an attack, the R.Q. was 
0.82. In subject A. B. during the spontaneous 
attack, R.Q. was 1.00. 

The fraction of O, uptake by muscle which is 
spent in oxidation of glucose is defined by the 
following relation (9): 6(glucose A-V difference 
minus ¥% lactate A-V difference) /oxygen A-V 
difference. In contrast to data found in normal 
subjects during the same hours, during the early 
hours of the attack glucose uptake was greatly 
in excess of the amount needed to account for all 
the O, uptake. Later, glucose uptake decreased 
and was sufficient to account for only a minor frac- 
tion of O, uptake, as was true in normals. In nor- 
mal subjects the fraction of O, uptake accounted 
for by glucose oxidation varied directly with ar- 
terial glucose concentration (10). This was true 
also in subject A. B. 

These data do not explain the exaggerated 
movement of potassium between plasma and 
muscle seen during paralysis and recovery. Al- 
though unusually rapid uptake of potassium by 
muscle was associated with unusually rapid glu- 
cose uptake, the direction of potassium movement 
reversed, and potassium moved from muscle to 
plasma during recovery at a time when arterial 
glucose concentration was still excessive and glu- 
cose uptake by muscle was still relatively large. 

Net efflux of potassium from cells under the in- 
fluence of acidosis has been described (11) and a 
suggestive correlation between potassium move- 
ment from muscle and CO, production by muscle 
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was found in normal subjects during the night 
(10). This correlation could be demonstrated for 
subject M. H., who had no attack, but could not 
be demonstrated for subject A. B. during and fol- 
lowing the attack. 

The possibility has been considered that changes 
in concentration of potassium in plasma may be 
owing to water shifts either from extravascular 
space or from erythrocytes into plasma. To test 
this possibility, hematocrits were determined on 
paired samples of arterial and venous blood 
throughout the night. Among seven pairs of he- 
matocrits, mean arterial hematocrit was 44.20, 
range 43.1 to 45.5, mean venous hematocrit was 
44.26, range 43.4 to 45.5, and mean difference be- 
tween pairs of arterial and venous blood was 
— 0.06, range — 0.5 to + 1.0. Thus there was 
no evidence of net water shift into plasma. 


SUMMARY 


1. A large net uptake of potassium from ar- 
terial plasma by skeletal muscle (the forearm) 
has been demonstrated a) during the development 
of a spontaneous nocturnal attack of periodic pa- 
ralysis and b) during the development of a noc- 
turnal attack induced by the administration of 
glucose and insulin. 

2. Movement of potassium out of skeletal 
muscle has been demonstrated a) during the spon- 
taneous recovery from a nocturnal attack which 
developed spontaneously and b) during recovery 
from an attack after oral KCl administration. 

3. The characteristic onset of attacks during the 
night with spontaneous cure later in the morning 
seen in many of these patients may be due to ex- 
aggerations of the normal diurnal variation in net 
potassium movement between muscle and plasma. 
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Since the demonstration by Rona and Takahashi 
in 1911 (1) that a considerable portion of the cal- 
cium present in the serum is not diffusible through 
a semi-permeable membrane, the various calcium- 
fractions in the blood have been extensively stud- 
ied. It is now recognized that calcium exists in 
the serum in three distinct forms. One of these, 
that calcium bound to proteins, comprises the non- 
ultrafiltrable or non-diffusible portion of the serum 
calcium. The other two forms, ionic calcium and 
calcium complexed by such small anions as citrate, 
phosphate, and bicarbonate, are ultrafiltrable and 
diffusible. 

Ionic calcium is generally considered to be the 
physiologically active component of the total se- 
rum calcium (20). Recently, however, it has been 
suggested (21) that the “biologically active” cal- 
cium fraction of serum is different from, and prob- 
ably larger than, the total ionic calcium as deter- 
mined by the frog heart technique (22), approach- 
ing the value for total ultrafiltrable calcium. In 
any event, a practical method for the routine meas- 
urement of actual ionic calcium has yet to be de- 
vised. Consequently, a great deal of effort has 
been directed toward the development of indirect 
methods for its determination in man. A variety 
of techniques has been described, but ultrafiltration 
methods have been most numerous because of 
practical and theoretical advantages over biological 
assays or dialysis techniques. In principle, all 
ultrafiltration procedures utilize some type of 
membrane of small pore size and some means of 
supplying filtration pressure. 

The purpose of the present communication is to 
describe a technique for the ultrafiltration of hu- 


1This paper is based on work performed under con- 
tract with the United States Atomic Energy Commission 
at the University of Rochester Atomic Energy Project, 
Rochester, New York. 


man serum using a new, simple apparatus? which 
eliminates most of the disadvantages of previous 
methods. Using this apparatus we have investi- 
gated the various factors which influence the ultra- 
filtrability of calcium in human serum and have 
determined the normal range in healthy human 
subjects. A subsequent paper will describe our 
findings in diseased states and under experimental 
conditions. 


METHODS 


Ultrafiltration apparatus and procedure. The appara- 
tus used in this work has been described very briefly in a 
previous publication (23). It uses seamless cellophane 
tubing to contain the serum with a sintered glass support 
for the membrane and centrifugal force to supply the 
filtration pressure. Its principal advantages over other 
equipment are: 1) The atmosphere and the pH can be 
accurately controlled within the apparatus throughout 
the ultrafiltration period; 2) there is no source of metal- 
lic contamination; 3) membrane breakage is virtually 
eliminated; 4) the apparatus is easily constructed and 
can be used in an ordinary laboratory centrifuge; 5) fil- 
tration pressure can be controlled by varying centrifuge 
speed. 

The ultrafiltration procedure was carried out in the 
following manner : 

A strip of Visking Nojax Casing® (size 24/32) about 
9 inches long was soaked in distilled water for 10 min- 
utes. It was wiped dry by drawing through a folded 
gauze sponge repeatedly until no water was visible. 
One end was knotted and the tubing was doubled (Fig- 
ure 1) and pushed into the ultrafiltration tube with the 
knot up. The unknotted end was opened with a sharp 
instrument such as a scalpel blade or small spatula and 
inflated by blowing into it. For the present studies, 3 ml. 
of serum were pipetted directly into the open end of the 


bag. Care was taken to avoid contact between the wet 


2 Made by sealing off the short end of a borosilicate 
glass straight sealing tube with coarse fritted disc (Corn- 
ing No. 39570, 25-mm. diameter with 20-mm. disc), and 
adding a 6-mm. glass tube at an angle near the fritted disc 
(Figure 1). Complete apparatus is now available from 
Will Corporation, Rochester, New York. 
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B 


Tue AppaRATUS USED FOR ULTRAFILTRATION OF 
SEruM 

A. The apparatus containing the knotted and inflated 
Visking® tubing prior to the introduction of the 
serum sample. 

B. The apparatus ciosed and ready for centrifugation 
showing the serum filled ultrafiltration sac resting 
on the sintered glass support. 


Fic. 1. 


tip of the pipet and the cellophane tubing because such 
contact resulted in difficulty in removing the pipet. After 
the serum was introduced, the cellophane bag was col- 
lapsed, and the second end was knotted at about the same 
height as the first end. The two knotted ends were fas- 
tened together with a rubber band, and the bag was care- 
fully pushed down into the apparatus far enough to per- 
mit insertion of the rubber stopper. To avoid tearing the 
bag, a blunt instrument, such as a stirring rod, was used 
to push adherent portions of the bag away from the 
glass. The apparatus was then flushed for 3 minutes 
with a 5 per cent CO,-95 per cent O, mixture bubbled 
through isotonic saline and introduced through the side 
arm at the lower end of the apparatus. The apparatus 
was then closed by connecting the side arm to the glass 
tube in the rubber stopper at the top using Tygon® tubing, 
thus assuring a constant atmosphere above and below 
the ultrafiltration sac throughout the ultrafiltration pro- 
cedure (Figure 1). It was then placed in the largest 
cups (catalog No. 373) of an International Centrifuge, 
Size 2, or International Refrigerated Centrifuge, the cups 
having been fitted with the simple centering ring previ- 
ously described (23) so that apparatus breakage was pre- 
vented while starting and stopping the centrifuge. 

A temperature rise of about 8° C above the existing 
room temperature will occur inside the operating centri- 
fuge in about 1 to 2 hours. To keep the temperature con- 
stant during ultrafiltration in the ordinary laboratory 
centrifuge, the latter was fitted with a copper coil. This 
was connected with Tygon® tubing to the side-arm of a 
large glass U-tube. One arm of the U-tube was con- 
nected to the ordinary mixing-type water spigot and the 
other was fitted with a thermometer. Inlet water tem- 
perature was manually controlled by simply varying the 
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amount of hot and cold water allowed to flow through 
the spigot into the U-tube) A thermometer was fitted 
into the center tachometer hole of the centrifuge and the 
temperature inside the-centrifuge was kept constant by 
the adjustments in the inlet water temperature. 

At 23° or 37° C, ‘at least 0.5 mil. of a crystal-clear 
protein-free (24) ultrafiltrate was collected in 3 hours 
when centrifuged at 2,000 rpm, while at 10° C approxi- 
mately double that time was necessary. If 5 ml. or more 
of serum were used, 1 ml. of ultrafiltrate could be ob- 
tained in approximately the same times. Variations in 
centrifuge speed between 1,500 and 2,500 rpm do not af- 
fect the results obtained (24). 

Determination of calcium. Calcium in both serum and 
ultrafiltrate was determined by a flame photometric 
technique using a Weichselbaum-Varney flame photom- 
eter. After protein removal (in’the case of serum) the 
calcium was. separated as the oxalate, re-dissolved, and 
read directly. A description of the method together with 
a thorough study of possible variables have already been 
reported (25). 

Determination of pH. A Beckman model G pH meter 
was used for the pH measurements. In all instances, the 
pH of the serum remaining in the ultrafiltration sac was 
measured after the ultrafiltration was carried out. In 
several instances, pH values of both the ultrafiltrate and 
the unfiltered serum residue were determined. As would 
be expected where the atmosphere was maintained con- 
stant over the serum and ultrafiltrate, the pH values were 
the same. Generally, the value obtained was between 
7.5 and 7.6 if the apparatus were allowed to return to 
room temperature (at which the equilibrium with 5 
per cent CO,-95 per cent O, mixture was carried out) 
and the pH measurement were then made. 

Early in the present work it was noted that the pH 
tended to drift with time as the concentrated serum left 
in the ultrafiltration sac was being measured with a 
conventional asbestos-fibre calomel electrode. This was 
virtually eliminated, however, when a sleeve-type calomel 
electrode (Beckman No. 270-71) was used. 

Collection of sample. Blood was collected with an 
ordinary syringe and a 20-gauge needle by venipuncture 
in the antecubital fossa. No precautions were taken to 
prevent loss of CO, (see discussion under Effect of 
method of sample collection). The ultrafiltration pro- 
cedure was carried out on the same day the samples were 
collected. 

RESULTS 


In expressing ultrafiltration results, some au- 
thors have used a corrected serum volume calcu- 
lated from the estimated volume occupied by the 
proteins present. We have not used the correc- 
tion but have applied the following definition to ex- 
press our results: 


% Ultrafiltrable Ca 
i Mg. Ca/100 ml. ultrafiltrate x 100 
Mg. Ca/100 ml. serum 
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TABLE I 


Results obtained with and without precautions for loss of COs. 


Ultrafiltration temperature 23° 


SERUM CALCIUM 


Total 


Ultrafilterable 
mgt Ultrafilterable 


751 


7309 
739 


7.51 
782 


7252 12.1 


* Patient with carcinoma of breast and hypercalcemia. 


85.7 
86.8 


Effect of method of sample collection 


It has been reported by Hopkins, Howard, and 
Eisenberg (18) that when serum is equilibrated 
with 5 per cent CO,-95 per cent O, to adjust pH 
before ultrafiltration, the method of collection of 
the blood is not particularly important. Prasad 
and Flink (19), on the other hand, considered the 
method of collection and equilibration of serum 
highly important. 

Our findings are in agreement with those of 
Hopkins, Howard, and Eisenberg and are shown 
in Table I. Blood allowed to clot under oil and 
transferred without loss of CO, gave results identi- 
cal with those obtained when no special precau- 
tions were exercised, provided the apparatus was 
flushed with CO,-O, mixture before the ultra- 
filtration procedure was carried out. 


Effect of duration of ultrafiltration on composition 
of ultrafiltrate 


Since ultrafiltration is a dynamic process and 
concentrates the serum proteins, a criticism fre- 
quently voiced is that the calcium concentration in 
the ultrafiltrate may not reflect the original condi- 
tions in the whole serum. This criticism may be 
shown to be invalid by the application of physical 
chemical principles to the finding of Marrack 

3 The thermodynamic dissociation constant of the cal- 
cium complex is 

Prot™ 
K = 
where the quantities in the brackets are activities. Ac- 
cording to this equation the ratio of bound to unbound 
protein is a function of the calcium ion activity in the sol- 


and Thacker (26) and McLean and Hastings (22) 
that the relationship between calcium and serum 
proteins may be expressed by the simple equation : 
Ca*t + Prot* = CaProteinate.2 Where a 1:1 re- 
lationship between the calcium and protein in the 
complex exists, these theoretical considerations 
show that the composition of the ultrafiltrate 


ution. In serum of ionic strength 0.15 M, the protein 
concentration is about 0.001 M and is considered to con- 
tribute a negligible amount to the total ionic strength 
(27). Thus relatively large alterations in protein con- 
centration must be produced before any change in ionic 
strength occurs. Chen and Neuman (24) showed that 
diffusible forms of calcium (calcium chloride, calcium 
citrate, and calcium versenate) in 0.15 M sodium chlo- 
ride move through a cellophane membrane at the same 
rate as water. Similar behavior during ultrafiltration of 
serum would then cause no change in the concentration of 
any diffusible ions in the free water of the bulk solution, 
an increase in the concentration of both forms of protein, 
but only a negligible change in ionic strength. Since the 
largest factor in the determination of activity coefficients 
is the ionic strength, the activity coefficients of all con- 
stituents in the remaining serum would remain essentially 
constant during the ultrafiltration process. Thus, with 
no change in activity coefficients, calcium ion concentra- 
tion and the ratio of the two forms of protein do not 
change. 

The above discussion would apply equally to any reac- 
tion involving a fixed number of one or more calcium ions 
with a single protein molecule. Thus 


n Ca** + Prot = Ca, Prot 


[Prot] 
[Ca, Prot} 
The ultrafiltration procedure would not change the Ca** 
concentration and the Prot/Caa Prot ratio would remain 
constant although the concentrations of the two forms 
of protein change continuously. 


K = (Ca*+} 


ee 
740 
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4 R 7-52 9.52 7204 
plain 7272 9.52 7.0% 
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TABLE II 


nic renal disease and hypocalcemia 


SERUM CALCIUM 


Semple Ultrafiltration Time in| Total Ultrafilterable 
temperature hours mgt mgt 


23° 
23° 4-7 
23° 7-20 


3 
36° 3-7 


23° 3 
23° 3-7 5.72 


36° 5.0% 
36° 3-7 5-17 


should be that of the non-protein portion of the considerations were confirmed by collecting suc- 
original serum and should not change unless the cessive samples of ultrafiltrate during prolonged 
ionic strength of the solution being ultrafiltered ultrafiltration of a single 3-ml. aliquot of serum 
changes significantly during the process. These and determining the calcium content of the samples. 


TABLE Ill 
Variabilityjof ultrafilterable calcium with pH 


SERUM CALCIUM 


Sample Witrafiltration Ultrafiltrate | Total Ultrafilterable 
temperature pu mgt Ultrafilterable 


7.68 
8.22 


9.89 
9.89 5.67 


11.57 9230 
8.4 11.57 8.13 


* Patient with carcinoma of the breast and hypercalcemia. 


741 
Ultrafilterable 
8.86 7.17 80.9 
8.86 7617 80.9 
8.86 6.90 77.9 
R 5.58 3.81 68.3 
5.58 3.81 68.3 
76.7 
67.7 
69.4 | 
R 36° 9.51 6.41 67.4 
36° 9.51 5.28 55.6 
; B 36° 6.35 9.40 8.05 86.8 
36° 7.51 9.40 6.13 66.7 S 
3 36° 6.35 9.27 8.60 2.5 © 
36° 8.18 9.27 $.38 5763 
Me 36° 7.68 11.57 8.34 72.2 
36° 8.22 11.57 6.36 59.3 
23° 6.52 10.15 9.28 - 
23° 7.63 10.15 7276 
23° 8.40 10.15 5.32 57.3 : 
s 23° 7.56 7527 
23° 8.37 57.3 
10° 80.3 
10° 70.3 
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TABLE IV 


Comparison 


acid and carbon dioxide pH adjustment. 


trafiltration temperature 23° C 


Method 


SERUM CALCIUM 


of Adjusted 
Adjustment pH 


Total Ultrafilterable 
ugh mgt 


Ultrafilterable 


7255 
6.48 
6.58 


5% COz=95% 05 
100% co, 
Hydrochlorie acid 


* Hypocalcemia secondary to renal disease. 


81.6 
93.2 
92.1 


The ultrafiltration apparatus was re-equilibrated 
with the CO,—O, mixture after each 0.6-ml. sample 
was collected for analysis and the results are shown 
in Table IIT. 

From an original sample of 3 ml. the collection 
of approximately 0.6 ml. of ultrafiltrate for cal- 
cium analysis will result in a reduction in volume 
of 20 per cent in the original serum or an increase 
in the concentration of protein of 25 per cent. In 
the first sample shown in the table the three suc- 
cessive 0.6-ml. aliquots of ultrafiltrate decreased 


the original serum volume to less than one-half of 
the original volume. Thus a large fraction of the 
serum may be ultrafiltered without an appreciable 
change in the composition of the ultrafiltrate, and 
the reduction in volume of the serum accompanying 
the usual ultrafiltration would not be expected to 
affect the results obtained. 


Effect of pH 


The literature contains conflicting information 
on this subject. Almost without exception, early 


TABLE V 
Effect of temperature on ultrafilterability of calcium 


SERUM CALCIUM 


Ultrafiltration 
temperature 


Total 
mgt 


Sample 


Ultrafilterable 
mgt Ultrafilterable 


3.5° 
10 
23 
36 


72% 
6.96 


85.1 


6.5) 


7246 
6.9% 
6.24 


7.81 
7033 
6.44 


746 


742 
of 
8.14* 6.64 
7.58 
9.36 69.6 
365° 10.27 72.6 
10 10.27 20.5 
ao 23 10.27 67.8 
36 10.27 60.8 
23 9.84 
36 9.84 65.5 
T 10° 927% 76.6 
23 9. 7226 The 5 
36 9.7% 6.58 67.7 


workers took no special precautions to insure con- 
stancy of pH during the process of ultrafiltration. 
It has been reported (2, 3, 10) that variations in 
pH during ultrafiltration have no effect on the re- 
sults obtained although it was admitted that, on 
theoretical grounds, this was unexpected (10). 
In any event, rigid control of pH would have been 
difficult since the methods most frequently utilized 
(Greenberg-Gunther [10] and Moritz-Updegraft 
[6] ) had no adequate provision for maintaining a 
constant atmosphere to control pH throughout the 
entire ultrafiltration process (29). Recently, how- 
ever, Hopkins, Howard, and Eisenberg (18), us- 
ing the closed apparatus of Lavietes (28), re- 
ported a very definite effect of pH on the fraction 
of serum calcium appearing in the ultrafiltrate. 
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The apparatus used in the present study also 
controls the atmosphere rigidly during the filtra- 
tion process and we have reinvestigated the prob- 
lem. Our data, recorded in Table III, confirm the 
observation that the pH at which ultrafiltration is 
carried out affects significantly the fraction of cal- 
cium that is ultrafiltrable. Analysis of these data 
shows that the per cent of ultrafiltrable calcium 
changed from 1.5 to 2.5 per cent per 0.1 pH unit in 
good agreement with values calculated from data 
previously reported (26, 18, 30). 

The lowering of pH was accomplished by equili- 
brating the serum in the ultrafiltration apparatus 
with 100 per cent CO,. The high pH’s were ob- 
tained by ultrafiltering serum with no carbon diox- 
ide equilibration. Hopkins, Howard, and Eisen- 


TABLE VI 


Ultrafilterable calcium values for normal human serum at various temperatures. 
(All samples equilibrated with 5 per cent CO.—95 per cent 


before ultrafiltration) 
Ultrafiltration Total Ultrafilterable 
Sample Sex temperature Calciua® Calcium* Ultrafilterable 
36° 9.86 6.54 66.2 
oWe 9.73 6.38 65.6 
M 10.30 6.27 60.9 
9.60 6.20 64.6 
M 9.26 6.38 68.9 
~ 10.22 7.16 70.0 
M 9.53 6.80 Ned 
“ 10.12 6.17 60.9 
F 9.54 6.20 6409 
9.36 6.51 69.6 
F 10,27 6.24 60.7 
F 9.27 6.18 65.8 
F 9.45 6.42 67.9 


KEE 


EKE 


60.7 71.4%* 


68.7 - 81.4%" 


| 
B.S. 23° 9.89 7.48 7546 
I.F. 10.15 7.76 
T.Te. 9.74% 7.26 Ted 
R.T. 9.84 7.33 
R.Bo 10.27 6.% 67.8 
B.J. 9236 6.96 Theh 
K.F. 9083 7.26 73.8 
67.8 = 76.4%# 
WeS. 10° 10.18 6.98 68.7 
P.C. 9.% Tolle %8 
10.00 7654 M5 oh 
P.S. 9.70 6.92 
H.F. 10.30 7.92 76.8 3 
G.M. 10.22 7260 Thok 4 
; 9.04 7.63 ‘ | F i 
E.L. 9.53 7.57 Mek 
P.D. 10.10 7.51 Thob 
R.D. 10,30 7.78 7565 
J.S. 9.% 7045 14.8 
D.B. 10.00 7.58 75.8 
9.40 7622 75.8 
BoA. 9284 8.00 81.4 
R.B. 10.27 10h 
* Values in mgt. 
** Range for group. : 
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berg (18) altered pH by the addition of acid or 
alkali. It has been reported (19) that serum ex- 
posed to an excess of CO, showed a significant 
increase in ultrafiltrable calcium even though the 
pH was kept in the physiological range. This in- 
crease was thought to represent an artifact owing 
to the high concentration of carbonic acid. As 
shown in Table IV, however, pH seems to be the 
important factor in altering ultrafiltrability of cal- 
cium rather than the method of attaining it. The 
carbon dioxide content of the serum would be 
quite different if acid were used to lower the pH 
instead of carbon dioxide, but the ultrafiltrability 
of the calcium is approximately the same. This 
substantiates earlier findings (31) that the carbo- 
nate binding of calcium is not very strong and 
contributes only a small amount to the non-protein 
bound calcium in serum. 


Effect of temperature 


The information concerning any effect of tem- 
perature on the ultrafiltrability of calcium is sparse. 
Among more recent workers, Hopkins, Howard, 
and Eisenberg (1) have reported that there is 
no change in the range from room temperature to 
36° C. Consequently, all their reported data were 
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obtained at room temperature as were the data 
of virtually all the earlier workers (Table VIII). 
Because of the convenience of using a refrigerated 
centrifuge to maintain a constant temperature, 
much of the early data in our work on normal 
serum were obtained at a temperature of 10° C. 
However, a number of normal values for ultra- 
filtrable calcium obtained at physiological tempera- 
ture were noted to be considerably lower than 
those at 10° C. This suggested the need for in- 
vestigating the effect of temperature. To reduce 
the variables to a minimum, ultrafiltrations were 
carried out simultaneously at several temperatures 
using serum obtained from one individual. The 
results are shown in Table V. A large number of 
other samples were ultrafiltered at 10° C and at 
36° C and all the results indicated that the per- 
centage of ultrafiltrable calcium was considerably 
higher at the lower temperature. The tempera- 
ture coefficient is approximately 0.5 per cent per 
degree centigrade. 


Normal values for human serum 


Our individual values for normal healthy young 
men and women are recorded in Table VI. The 


TABLE VII 
Repeated determinations of ultrafilterable calcium in normal individuals. 
Ul tration temperature 36° C 
Total Ultrafilterable % 
Subject Date Calcium* Calcium* Ultrafilterable 
T.T. (male) 1/12/56 9.26 6.38 68.9 
9.20 6.27 68.1 
2/7/56 907 6.58 67.6 
3/22/56 9.71 6.64 68.5 
5/10/56 10.07 713 70.8 
R.T. (male) 1/17/56 9.60 620 6426 
1/27/56 9.51 6.41 67.4 
2/7/56 9.84 6.44 65-5 
3/22/56 92% 6.51 65.3 
B.J. (female) 2/9/56 9.36 6.51 69.6 
3/20/ 10.02 6.35 63.3 
4/5/56 9.52 6.30 66.2 
4/9/56 9.79 6.9% 70.3 
5/4/56 10.00 6.90 69.0 
5/8/56 9.73 6.85 70.3 
5/31/56 9240 6.18 66.7 
7/6/56 9.86 6.44 65.3 
* Values in 
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The per cent of ultrafilterable or diffusible calcium in normal human serum 
by previous authors 


as determin 


TABLE VIII 


ULTRAFILTRABLE CALCIUM OF NORMAL HUMAN SERUM 


Author 


Year 


Method 


pH 
Control 


Temp. 


No. of Range 
Detns. 


von Meysenbug et al. 
(2) 
Neuhausen and Pincus 
(3) 
Rona and Melli 
(4) 
Kirk and King 
(5) 
Updegraff 


Snell (9 
Greenberg and Gunther 
(10) 


MeCance and Watchorn 
(11) 


Watchorn and MeCance 
(12) 


Nicholas 
(13) 


Herbert 
(14) 


Benjamin and Hess 
(15) 


Anning 


Prasad and Flink 
(19) 


1921 


1923 


1925 


1926 


1926 


1930 
1930 


1931 


1932 


1933 


* Questionable total serum oalciums, 


Compensation Dialysis 


Ultrafiltration with 
positive Hg pressure 


Compensation Dialysis 


Ultrafiltration with 
positive H20 pressure 


Moritz (37) (combined 
ultrafiltration and 
compensation dialysis) 


Morits-Updegraff 
Ultrafiltration with 
positive No pressure 
Morits-Updegraff 


Ultrafiltration with 
negative pressure 


h famth 


Greenberg-Gunther 


Ultrafiltration with 
positive No pressure 


a Caanth 


Ultrafiltration with 
positive air pressure 


Morits-Updegraff 


Morits-Updegraff 


Lavietes(28) (ultra- 
filtration over Hg) 


Ultrafiltration with 
centrifugal force 


** Assuming total serum calciums of 10 mg%. 


*** Include 17 infants. 


Yes 


Roca 


i 


# Value depending upon method of collection and equilibration of serum. 


7 67=73 
? 40-50 
4 64-69 
5 56-81* 
19 41-54 


6 45-59 


43-62 
20 51 

65-75 

47-504 


mean values for the per cent of ultrafiltrable cal- 
cium determined at 36° C is 65.9 per cent while at 
10° C it is 75.2 per cent. At 23° C the mean is 
73.9 per cent but we believe this is erroneously 
high due to the small number of samples deter- 
mined at this temperature. No sex difference was 


observed. In Table VII are recorded determina- 
tions of ultrafiltrable calcium on three normal in- 
dividuals, extending over a period of several 
months. It can be seen that fluctuations occurred 
over the period and these were all within the nor- 
mal range (Table VI). Repeated determinations 


Idu (7) 1927 No Room 10 42-58 ee 
Hertz (8) 1927 No Room 4 43-61 
No Room ? 45-60 
1932 No Rom 13 60-67 
al. 128 No Room 
57-72 
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of ultrafiltrable calcium in human subjects during 
a single day, however, are remarkably constant 
(32). 

In Table VIII is recorded the per cent ultra- 
filtrability or diffusibility of the calcium of normal 
human serum calculated from the data of previous 
authors. It is immediately apparent that, with the 
exception of von Meysenbug, Pappenheimer, 
Zuker, and Murray (2), Rona and Melli (4), 
Nicholas (13) and Kirk and King (5), earlier 
workers obtained results significantly lower than 
our values and those of the two most recent authors 
(18, 19). 

From the previous discussion on the effect of 
pH on the quantity of ultrafiltrable calcium it 
seems most probable that failure to control the 
pH during ultrafiltration was predominantly re- 
sponsible for the consistently lower values obtained 
by these early workers. In this connection, it is of 
interest that the results of von Meysenbug, Pap- 
penheimer, Zuker, and Murray (2) and of Rona 
and Melli (4) were obtained by compensation 
dialysis in a closed system where the pH was prob- 
ably maintained constant throughout the proce- 
dure. The original Rona and Takahashi investi- 
gations of 1911 (1) were done by essentially the 
same method. Their value for the diffusible se- 
rum calcium of various domestic animals was be- 
tween 65 per cent and 75 per cent! Nicholas (13) 
and Kirk and King (5) took no special precau- 
tions regarding pH control but the apparatus they 
used was closed during the entire filtration and 
positive pressure was maintained over the serum 
with nitrogen or air. 


DISCUSSION 


Our data indicate that, with a normal total se- 
rum calcium concentration of about 10 mg. per 
cent, 6 to 7 mg. per cent of this calcium is ultra- 
filtrable. McLean and Hastings (22), by their 
frog heart technique, concluded that about 1.3 mM 
per L. (5.2 mg. per cent) of “ionic” calcium ex- 
ists in normal serum. Calculations based on the 
actual normal serum concentrations of citrate, 
phosphate, and bicarbonate, activity coefficients, 
and the reported pK’s of the calcium complexes of 
these anions reveal that about 0.3 mM per L. (1.2 
mg. per cent) of calcium exists in normal serum 
in the form of these known complexes (33). 
The sum of these two values, 6.4 mg. per cent, is 
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remarkably similar to the mean value of our ex- 
perimentally determined range for normal total 
ultrafiltrable calcium and closely approaches the 
value for “biologically active” calcium suggested 
by the data of Yendt, Connor, and Howard (21). 

Variations in the pH of the blood in human be- 
ings in vivo seldom extend more than 0.2 pH units 
above or below the 7.35 to 7.40 range even in 
pathological states involving alterations in acid- 
base balance. From our data this would mean 
only a minor alteration in the actual quantity of 
ultrafiltrable calcium, well within the 10 per cent 
range found in normal human subjects. In acute 
conditions, however, such as hyperventilation 
tetany, a sudden minor shift in the quantity of 
available calcium may well be highly important. 
It has been reported that in hyperventilation tetany, 
total serum calcium and total ultrafiltrable cal- 
cium do not change significantly (34, 35). How- 
ever, the actual alterations in the quantity of cal- 
cium involved due to pH changes in the physiologi- 
cal range are small enough so as to lie near or 
within the limits of accuracy of all the experi- 
mental methods for estimating total and ultrafiltra- 
ble calcium, 

The observed effect of temperature on the quan- 
tity of ultrafiltrable calcium in human serum was 
somewhat surprising. Most complexes become 
more stable at lower temperature, but we found 
that more calcium was ultrafiltrable as the tempera- 
ture at which the procedure was carried out was 
decreased. 

The only bits of corroborative evidence for this 
temperature effect we were able to find were in the 
work of McLean and Hastings (22), Lavietes 
(28), and Marrack and Thacker (26). In 1926, 
the latter authors, by dialysis of protein solutions 
at room temperature and at 37° C, concluded that 
values for non-diffusible calcium of serum would 
be lower if the determinations were made at room 
temperature. Lavietes, in 1937, described his 
anaerobic ultrafiltration apparatus and referred to 
the fact that the quantity of calcium filtered varied 
with temperature but no data were given. McLean 
and Hastings noted that the amount of “ionic 
calcium” was about 0.15 mM per L. (0.6 mg. per 
cent) higher at 15° C than at 25° C. Although 
questioning the significance of this observation, 
they did calculate by extrapolation that calcium 
ion concentrations would be 0.8 mg. per cent lower 
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at 38° C than those observed at room temperature 
if this temperature effect were real. That is, with 
an average normal serum calcium of 10 mg. per 
cent the concentration would be about 8 per cent 
lower. This value agrees very well with our 
data on normal values at different temperatures 
recorded in Table V. 

The exact mechanism responsible for this tem- 
perature effect is not clear. It may be that in the 
binding of calcium to protein a weaker bond is 
obtained at lower temperatures, but Katz and 
Klotz (36) claim that the binding of calcium to 
bovine serum albumin is independent of tempera- 
ture from 0° C to 25° C. A change in pH is ap- 
parently not involved. We have found that the 
pH in an aliquot of serum measured at room tem- 
perature, after 5 per cent CO,-95 per cent O, 
equilibration at that temperature, did not change 
significantly when the pH was remeasured after 
heating to 36° C. 

One other possible explanation for the phenome- 
non of decreased protein-bound calcium at the 
lower temperatures is suggested when one con- 
siders the binding of calcium by other anions in 
serum such as citrate, phosphate, and bicarbonate. 
The relationship between the latter and ionic cal- 
cium and calcium bound to protein can be ex- 
pressed by the equation CaX = Ca*t = CaProt 
where X refers to these ultrafiltrable anionic com- 
plexers of calcium. If the temperature coefficients 
of the filtrable complexes of calcium were greater 
than those of the protein complexes, the net effect 
of a lowering of temperature would be to have 
more of the calcium in the form of these ionic com- 
plexes and a resultant increase in ultrafiltrable 
calcium as found. The data of Katz and Klotz 
(36), who found that the binding of calcium ions 
by bovine serum albumin was independent of tem- 
perature, lend support to this explanation. If 
this explanation is correct, a net decrease in the 
actual ionic form of calcium would occur as the 
ultrafiltration temperature is lowered although 
total ultrafiltrable calcium increases. That is, 
more of the calcium ultrafiltered would be in an 
associated form. Thus, it would appear that the 
McLean and Hastings frog heart method, which 
also responds to a lowering of temperature with 
an apparent increase in “ionic” calcium, measures 
more than just the ionic calcium in the test solu- 
tion. It is clear that further work with pure pro- 
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teins is necessary to elucidate the exact nature of 
the temperature effect observed. 


SUMMARY 


1. A new simple ultrafiltration apparatus is de- 
scribed and the procedure for the ultrafiltration 
of human serum is outlined. 

2. The importance of the method of sample col- 
lection, duration of filtration, pH and temperature 
was investigated. The ultrafiltration results were 
affected considerably by pH and temperature. 

3. For healthy human subjects, the range for 
ultrafiltrable calcium at physiological pH and 
temperature was found to be 60 to 70 per cent of 
the total serum calcium. The results of previous 
authors are reviewed and compared with the pres- 
ent findings. 

4. The quantitative distribution of the various 
calcium fractions in human serum and the signifi- 
cance of the observed effect of pH and tempera- 
ture on the ultrafiltrability of calcium are discussed. 
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A AND B ANTIGENS IN THE HUMAN EPIDERMIS? 
By D. NELKEN, J. GUREVITCH, anv Z. NEUMAN 


(From the Department of Clinical Microbiology, The Hebrew University-Hadassah Medical 
School and the Department of Surgery, Plastic Service, Hadassah University 


Several attempts to demonstrate the presence of 
A and B antigens in the human epidermis have 
been undertaken in the past, but with negative re- 
sults (1, 2). Recently, Coombs, Bedford, and 
Rouillard (3) proved by the mixed agglutination 
method the existence of A and B group specific 
substances in epidermal cells. 

In continuation of studies on the A and B anti- 
gens in the human cornea (4, 5) the presence of 
these antigens in the human epidermis was in- 
vestigated. 

The following is a report of this investigation. 


MATERIAL AND METHODS 


Thin split thickness skin was obtained by means of 
an electric dermatome from 19 patients, selected at ran- 
dom, who were admitted to the hospital for various skin 
grafting procedures. No differentiation was made be- 
tween secretors and non-secretors. Part of this skin 
was used for skin grafting, the rest rinsed in physio- 
logical saline and despatched to the laboratory, com- 
pletely immersed in a container full of saline. There the 
excised skin was cut to standard size, 3X3 cm. and 
washed 3 times in 200 ml. normal saline. The flask con- 
taining saline and skin was agitated vigorously on a 
Kahn shaking machine for 10 minutes. In order to test 
for complete removal of erythrocytes, the last saline 
washing was centrifuged in large conical tubes and the 
minute sediments examined microscopically for red blood 
cells. If only one erythrocyte was found, three additional 
washings were carried out. Every sediment was further 
tested by the Benzidine Reaction (6). This was some- 
times found to be positive after the first washing, but 
always negative after the third. After this treatment the 
skin was used either fresh or frozen at — 20° C in 2 ml. 
of normal saline. For every experiment 0.5 X 0.5 cm. 
pieces of skin were cut into very thin slices with the aid 
of fine scissors and scalpels. These slices were homoge- 
nized for 30 minutes in a small pyrex glass tissue grinder 
with a pyrex glass pestle connected to a variable speed 
stirring apparatus. Five-tenths ml. of saline was added 
to the homogenate during homogenization. To prevent 
excessive heat production the grinder was immersed in 


1 This study was aided by a grant from the Hematology 
Research Foundation, Chicago. 
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an ice bath and the stirring carried out at intervals. The 
fine white pasty mass obtained served as antigenic ma- 
terial. 

Preparation of sera. Sera were inactivated at 56° C 
for 30 minutes, and titrated for anti-A and anti-B isoag- 
glutinins. Only sera with the minimal titer of 1:128 when 
undiluted were used for absorption experiments. Sera 
were distributed in small quantities stored at — 20° C 
until used; no serum was frozen and thawed more than 
once. 

Tsoagglutinin determination. Titrations of isoagglu- 
tinins were performed by the double serial dilution method 
against freshly prepared 2 per cent erythrocyte suspen- 
sions. Results were read after allowing the tubes to 
stand at room temperature for 30 minutes, The titer was 
expressed as the last dilution at which agglutinates could 
be detected by the naked eye. The tubes were neither 
centrifuged nor examined microscopically. All titrations 
were performed by the same technician, and the results 
read separately by two different persons (D. N. and J. G.). 
Changes in the intensity of agglutination were not taken 
as an indication for a reduction in titer, only the complete 
disappearance of agglutination was assumed to prove 
real absorption. 


EXPERIMENTAL PROCEDURES AND RESULTS 
Absorption experiments 


Absorption experiments were performed in sili- 
conized tubes to prevent the adherence of epi- 
dermal material to the glass. Five-tenths ml. of 
the homogenate was added to 0.5 ml. of high- 
titred A, B or O serum. Undiluted sera or sera 
diluted with normal saline in a proportion of 1:1 
were used in the absorption experiments. The 
skin serum mixture was left for 8 hours at a 
temperature of 6° C and was shaken every 30 
minutes. After 8 hours the serum was separated 
by centrifugation at 3,000 r.p.m. for 10 minutes. 

Nineteen absorption experiments were per- 
formed with split skin homogenates from indi- 
viduals of blood groups A, B, O and AB, 4, 3, 6 
and 6 instances of each, respectively. When O 
serum was absorbed by epidermal homogenates 
from a donor of blood group A or from a donor 
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TABLE I 
Results of absorption and elution experiments 


Epidermal Titer of 
material serum O 

after one Titer of 

donor of sorption with eluate 
blood epidermal against red 
group homogenate blood cells 


from 


Titer of serum O 
before absorption 


Anti-A 1:128 A 


1:64 
1:256 
2128 A 1:64 
1:256 
:128 


1:8 
0 


1 
Anti-B 1:256 


Anti-A 1 
Anti-B  1:256 
1 
1 


Anti-A 
Anti-B 


Anti-A 1: 
Anti-B 1: 
Anti-A 1 
Anti-B 1 
Anti-A 1:64 
Anti-B 1 
Anti-A 
Anti-B 


Anti-A 
Anti-B 


Anti-A 
Anti-B 


Anti-A 
Anti-B 


Anti-A 
Anti-B 


Anti-A 
Anti-B 


Anti-A 
Anti-B 


Anti-A 
Anti-B 


Anti-A 
Anti-B 


Anti-A 
Anti-B 


ee ee oe ee 


couse 


Anti-A 
Anti-B 


Anti-A 
Anti-B 


Anti-A 
Anti-B 


of blood group B, only the titer of the correspond- 
ing isoagglutinin was reduced, while that of the 
other agglutinin remained unchanged. When O 
sera were absorbed by epidermal homogenates of 


AB donors, absorption of both anti-A and anti-B 
isoagglutinins occurred. Similar results were ob- 
tained when A and B sera were absorbed by epi- 
dermal homogenates of the corresponding group. 
When epidermal material of group O donors was 
used for the absorption experiments, no reduction 
whatsoever could be detected in either the anti-A 
or anti-B titer of the absorbed serum (see Table 
I). 

In three cases, repeated absorptions were per- 
formed with epidermal material from individuals 
of the same blood group. After three consecutive 
absorptions the titer of the antiserum was reduced 
from 1:128 to 1:4. 

Table II summarizes the results of one such 
repeated absorption experiment. 


Elution experiments 


Eluates were prepared from the homogenates 
which served for the absorption experiments. 
The absorbates were washed three times in large 
amounts of saline to ensure removal of traces of 
serum. The washed epidermal sediment was re- 
suspended in 0.4 ml. of normal saline and vigor- 
ously shaken by hand in a water bath of 56° C for 
5 minutes. It was then centrifuged at 3,000 r.p.m. 
for 1 minute in cups jacketted with water at 56° C 
and the eluate was immediately removed. Using 
the above technique, eluates of 19 different sam- 
ples of split skin homogenates were prepared and 
examined for agglutinating capacity against ery- 
throcytes. In all cases eluates agglutinated ery- 
throcytes of the corresponding group. 

Results of absorption and elution experiments 
are summarized in Table I. Apart from the quan- 
titative reduction of the titer a marked difference 
in the intensity of agglutination in the last two to 
three tubes of the titrations was observed. 


DISCUSSION 


Recent studies on skin homografts have estab- 
lished the fact that human epidermis is antigenic 
and may induce the production of antibodies (1, 
7-10). The question of which antigens are con- 
cerned in the homograft reaction is still unsettled. 

The possible existence of A and B antigens in 
human epidermis was studied for the first time in 
1928 by Yosida (2), with negative results. Meda- 
war (11) in 1946 examined the possibility that a 
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ment 
1 
2 1:8 
0 
3 1:4 
if 4 A 1:8 
8 0 
6 128 
dens 6 B 64 0 
8 32 1:8 
7 64 0 
8 1:128 AB 
9 1:128 AB 
1:256 
10 1:64 AB 
11 1:64 AB 
re 12 1:64 AB 
1:128 
13 1:64 AB 
1:128 
14 1:128 0 
15 1:64 0 1:64 
|| 1:128 1:128 
a 16 1:64 0 1:64 
17 1:64 0 1:64 
18 1:64 0 
1:128 1:128 
cee 19 1:64 0 1:64 
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TABLE II 
Results of three consecutive absorptions of A serum with epidermis of an individual of blood group B 


Titer of serum $ 1:2 


Before absorption + 
After first absorption + 
After second absorption + 
After third absorption + 


prior blood transfusion leads to immunity to skin 
grafts from the same animal. He also investigated 
the question of whether the transplantation of ho- 
mologous skin results in the formation of red cell 
agglutinins. He could not demonstrate an anti- 
genic relationship between erythrocytes and epi- 
dermis. In 1954, Co Tui, Campbell, Rothburd, 
and Fand (1) studied the same problem with the 
aid of tissue cultures. They used skin cultures 
from human donors of A and B blood groups and 
treated them with antisera; they were, however, 
unable to observe morphologic changes in the ex- 
plants. 

Recently, Coombs, Bedford, and Rouillard (3) 
demonstrated, by mixed agglutination between 
erythrocytes and epidermal cells, that human epi- 
dermal cells possess A and B antigens. Gorer 
(12) mentions the finding of immune anti-A anti- 
bodies in two patients after skin grafting. Clark- 
son and Gorer (13) reported a case of a burnt 
child who, following a skin homograft, developed 
immune anti-erythrocyte antibodies. Pfeffer and 
Rogers (14) stated that they observed less violent 
rejections of the homotransplanted skin grafts 
when using homografts from donors of compatible 
blood groups. 

In the present investigation the existence of A 
and B antigens has been established by absorption 
and elution methods. Split skin homogenates 
from individuals of blood groups A and B reduced 
the titer of anti-A and anti-B sera. The eluates 
prepared from these homogenates agglutinated 
red blood cells of the corresponding group. It 
may be assumed that the presence of A and B 
antigens in the human epidermis will be of im- 
portance in skin homografting. 


SUMMARY 


Human epidermis was found to contain A and 
B blood group antigens corresponding to those 
of red blood cells. 
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ANALYZE ALKALI METAL SOLUTIONS 


WITH +1% ACCURACY IN 1 MINUTE 


Perkin-Elmer’s Flame Photometer is the ideal instrument for your labora- 
tory if you analyze for soluble alkali metals. It is designed for accuracy, 
speed and operator convenience. 

Features of the Model 146 Perkin-Elmer Flame Photometer contributing 
to accuracy and operating ease include: 


Two-prism monochromator insuring precise selection of the proper wavelength 
for the particular analysis and reduction of inter-element effect. 

Two-phototube detector system for uniform sensitivity over the entire wavelength 
range. 

Internal standard for analyses requiring the highest accuracy eliminates inter- 
ference from such variables as viscosity, temperature, volatility, and external 
contamination. 

Direct intensity reading for fast routine results. 

Accurate read-out through drift-free electronics. 

Operation with any commercially available gas—natural, manufactured, pro- 
pane, butane, or acetylene. 

Modern design for laboratory good looks and operation convenience. 


For additional information, send for our illustrated brochure on the 
Model 146 Flame Photometer. 
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{Reprints of the eight papers on the 


NEPHROTIC SYNDROME 


published in the April, 1954 issue of 


THE JOURNAL OF 
CLINICAL INVESTIGATION 


ware available for $1.00 


Single copies of 


THE TREATMENT OF ACUTE 
INFECTIOUS HEPATITIS 
July, 1955, Part Two issue of 
THE JOURNAL OF 
CLINICAL INVESTIGATION 


$1.50 


(No Reprints available 
Order both through the Business Office of 


The Journal of Clinical Ins estigation 
333 Cedar Street New Haven 11, Conn. 
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Nuclear-Chicago instruments being used 
are new 132 Analyzer Computer and new 
DS5-5 Well Counter. 


diagnosis of pernicious anemia 
with radiocobalt vitamin bi2 


This newly-designed equipment provides 
an ideal combination for the widely used 
Schilling test. Low background and high 
efficiency for Co® gamma rays permit 
direct measurement of urinary excretion 
of radiocobalt labelled vitamin Biz. Con- 
centration of urine is no longer necessary 
with acceptable doses of radioactivity. A 
unique timing device gives results directly 
in percent of administered dose present in 
urine without calculation. 


This combination is also ideally effec- 
tive for estimation of plasma volume with 


iodinated human serum albumin, red cell 
mass and red cell survival with radiochro- 
mate labelled erythrocytes, and other pro- 
cedures requiring liquid sample counting. 


For years Nuclear-Chicago has been a 
leader in the development of quality radio- 
activity instrumentation for the medical 
profession, providing in the highest degree 
the efficiency, accuracy and reliability so 
essential in this exacting field. Competent 
and prompt service is always available. 
Write for full details or ask to have our 
representative call. 


References: 1. R. F. Schilling, D. V. Clatanoff and D. R. Korst: J. Lab. Clin. Med. 45; 926-934 (1955). 2. J. R. Krevans, 
C. L. Conley and M. V. Sachs: J. Chronic Dis. 3: 234-252 (1956). 
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HERE 
A COMPLETELY 


SANBORN 


electrocardiograph 


the eighteen model SETTE 


For the clinical accuracy your heart 
practice demands... and a degree of port- 
ability never before approached in the field 
of ’cardiography...this new Sanborn in- 
strument offers a truly remarkable answer. 


In the VISETTE you will find outstand- 
ing Sanborn quality and performance, 
achieved through the latest electronic 
techniques and the most modern princi- 
ples of instrumentation. Tiny transistors 
largely replace bulky vacuum tubes... 
entire circuits are contained in plug-in 
printed wiring panels no larger than a 
playing card .. . ‘cardiograms are clearly 
traced on chart paper in a new, convenient 
width. Innovations such as these have also 
made possible economies in production, 
reflected in the comparably lower price 
of the new 300 VISETTE. 

Every design feature, every component 
in this modern instrument, serves a single 
purpose: clinically accurate ’cardiograms 


with the greatest possible convenience. The 
“Sanborn man” in or near your city can 
provide complete details, and a demon- 
stration in your office if you wish. And 
of course you may try a VISETTE (as 
you can other Sanborn instruments) — 
before buying, without cost or obligation. 

To those who already own the famous 
Model 51 Viso-Cardiette, the new 
VISETTE can be an invaluable “com- 
panion” ECG — especially suited to use 
outside the office, or in hospital wards. 
Or, for those who prefer a !arger instru- 
ment, using conventional 6 cm. width 
recording paper, the “51” is still available 
at $785 delivered. 


SANBORN 
COMPAN Y 


WALTHAM 54, MASS. 
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METTLER BALANCES 
ARE TRULY MODERN 


Because 


Their design is based on the soundest tundamental 
principle of weighing — weighing by substitution. 
They combine this principle with high speed and 
great convenience of operation. 
The METTLER M-5 micro balance testifies to the Bh pre vane 
excellence of this combination. It has a capacity of 20 
grams. The exceptionally wide range of the optical scale (20 mg) 
assures greatest accuracy for all differential weighings within that 


range. The precision is = 2 gammas. And the speed: only 40 seconds 


are needed for the weighing of an unknown quantity. 


HOW MODERN ARE YOUR WEIGHING METHODS? 


Are you weighing tediously and slowly 

on old-type micro balances? Do you miss 

the confidence in the accuracy of your AVA 
results which weighing by substitution Al | i 


could give you? 
Let us show you what METTLER balances ~ MLEILELL— a 
can do for you. Write to us today for our INSTRUMENT CORPORATION | 
complete file on METTLER balances. HIGHTSTOWN, 


LANCASTER PRESS, INC., LANCASTER, PA. 
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